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SUMMARY
Three metal c a ta ly s ts  fo r the re a c tio n  of g raphite  in  oxygen have
been stud ied  in  d e ta i l  b y .co n tro lled  atmosphere e lec tro n  microscopy
(CAEM); z in c , s i lv e r  and le ad . Zinc c a ta ly ses  the rea c tio n  by
f a c i l i t a t i n g  the detachment o f atoms from p rism atic  g raph ite  faces only
and produces channels in  the g rap h ite . The a c tiv a tio n  energy o f the
+ -1ca ta ly sed  re a c tio n  was 70 -  7 kJ mole , • fo r  the uncatalysed  re a c tio n  i t
+ -1was found to be 20^ -  15 kJ mole . S ilv e r a lso  allows atoms to be 
detached from s tru c tu ra l ly  p e rfe c t basal plane su rfaces which i s  demon­
s tr a te d  conclusive ly  by use o f the e tch -d eco ra tio n  technique. I t  a lso  
becomes an in h ib i to r  a t  high tem peratures. Lead i s  not only in t r i s c a l ly . .  
very ac tiv e  a t  low tem peratures but i t  a lso  wets the p rism atic  surface of 
g raph ite  which makes i t  very a c tiv e  in  terms of a c t iv i ty  per u n it  w eight; 
a c t iv a tio n  energy 126 -  2o kJ mole . These experim ental fin d in g s  are  
co n s is te n t w ith the l i t e r a tu r e .  '
The l i t e r a tu r e  has been c r i t i c a l l y  a s s e s s e d ,. Confusion over the 
©rit§ria for determination of the form of anisotropy in catalysed 
re a c tio n s  has been s a t i s f a c to r i ly  reso lv ed . Several e r ro rs  in  the l i t e r a -  
tu rn  have been brought to l ig h t  and r e c t i f i e d .  A new development o f the 
theory  of g a s if ic a tio n  re a c tio n s  genera lly  has been proposed. A.new model 
to account fo r the r a te s  of g a s if ic a tio n  o f impure and doped carbons has 
been derived which su ccessfu lly  in te rp r e ts  much of the published d a ta . 
F in a lly  the mechanisms o f the c a ta ly s is  are d iscussed in  as c lose a d e ta i l  
a s  o b je c tiv ity  w ill  allow .
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CHAPTER 1
INTRODUCTION
The g a s if ic a t io n  of carbon by ox id ising  gases can be a l im itin g  
f a c to r  in  the performance of g rap h ite  s tru c tu re s  a t  high tem peratu res .
Even ve iy  small q u a n ti t ie s  of im p u ritie s  can have a la rg e  e f fe c t  on the 
ox ida tion  ra te  and d esp ite  a considerab le  research  e f fo r t  the p rec ise  
mechanisms which u n d erlie  the e f fe c ts  of im p u ritie s  are  s t i l l  unknown.
This th e s is  d escrib es a study of the e f fe c t  of m etals on the  g ra p h ite -  
oxygen re a c tio n  using  e le c tro n  microscopy techn iques. The work was 
i n i t i a t e d  out of the in te r e s t  of the n u c lea r in d u stry  in  the e f f e c t  of 
re s id u a l and accumulated im p u ritie s  on the co rrosion  of m oderator g rap h ite s  
in  CO^  and He-based co o lan ts , p a r t ic u la r ly  under re a c to r  f a u l t  c o n d itio n s . 
The p a r t ic u la r  approach to  the problem which was taken arose out of a  
d e s ire  to  understand the problem ra th e r  than to  enumerate i t  (s in ce  th a t  
i s  more e a s ily  done by a programme of tec h n ica l t e s t in g ) .  To th a t  end 
the experim ental work was o rien ted  to  complement the in form ation  a lread y  
in  the l i t e r a t u r e ,  to  reso lve  what c o n f l ic ts  i t  was considered e x is te d  in  
the l i t e r a tu r e  and to  answer sp e c if ic  questions which arose from the 
l i t e r a t u r e .  The work was begun sh o r tly  a f t e r  the new technique of 
c o n tro lled  atmosphere e le c tro n  microscopy had become a v a ila b le  and some 
of the s tu d ie s  were used in  the development of the techn ique. Since the 
technique was capable of. y ie ld in g  q u a n tita tiv e  in form ation  on o x id a tio n  
r a te s ,  v/hich form erly -had only been av a ilab le  from experim ents on bulk  
specimens, an e a r ly  o b jec tive  was to  f in d  a means by v/hich bu lk  o x id a tio n  
r e s u l t s  and e le c tro n  microscopy r e s u l ts  a lready  in  the l i t e r a t u r e  could 
be co n so lid a ted .
Eor the th e s is  as a whole a modular format has been adopted v/hich i t ’ 
i s  hoped w il l  a s s i s t  the re ad e r. Each ch ap ter, w ith the excep tion  of 
th is  f i r s t  and the l a s t ,  i s  in tended to  be e s s e n t ia l ly  se lf -c o n ta in e d  so 
th a t  i t  could be read , i f  so d e s ire d , iso la te d  from the r e s t  w ithout lo s s  
of comprehension. Anyone v/ishing to  use i t  as a source of in fo rm atio n  
ought to  be ab le  to  do so w ithout having to  read the whole and v/ithout 
f e a r  of tak ing  in form ation  out of co n te x t. An index i s  provided as w ell
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as a ta b le  of con ten ts to  f a c i l i t a t e  r e t r ie v a l  of in fo rm ation .
In  the in te r e s t s  of o b je c t iv i ty ,  l ik e ly  mechanisms of the c a ta ly t ic  
e f fe c t  of m etals on carbon g a s if ic a t io n  are  not d iscussed  u n t i l  the l a s t  
ch ap te r when a l l  the experim entally  e s tab lish ed  f a c ts  w ill  have been 
p resen ted . In  a few cases where mechanisms have been proposed which can 
be shown not to  be p roperly  su b s ta n tia te d  or which are a t  variance w ith  
the evidence a v a ila b le , the weakness w ill  be brought out in  o rder th a t  
by the l a s t  ch ap te r the mechanisms being considered r e a l ly  are f ro n t 
ru nners .
8
CHAPTER 2
A REVIEW OP THE CATALYSIS OP CARBON GASIFICATION REACTIONS
2.1 In tro d u c tio n
There i s  now a considerab le  body of l i t e r a tu r e  dealing  w ith  the  g a s i­
f ic a t io n  of carbon and i t s  c a ta ly s is .  F o rtu n a te ly  carbon chem istry 
g en e ra lly  b e n e f its  from a f a i r l y  h ea lth y  review l i t e r a tu r e  and the su b jec t 
has been reviewed sev era l tim esC l-5] ,  although recen t reviews have tended 
only to  cover the c a ta ly s is  aspect as p a rt of a broader su b je c t. The 
l a s t  very  comprehensive review of the c a ta ly s is  was by Walker, S helef and 
Anderson in  1968[4] who se t out to  provide re fe ren ces  to  a l l  the papers 
considered re lev an t a t  the tim e, w hich.they seem to  have done very 
su c c e ss fu lly . Since then a g rea t deal of new inform ation  has appeared 
both from bulk ox idation  measurements and from e le c tro n  microscopy s tu d ie s .  
At the time of the Walker, Shelef and Anderson review, e le c tro n  microscopy 
methods had provided only a small f ra c t io n  of the r e s u l ts  and were only 
q u a l i ta t iv e .  How they provide a s izeab le  p roportion  of them and show 
g re a t promise as sources of q u a n tita tiv e  d a ta . T his, th e re fo re , i s  a 
p a r t ic u la r ly  good time to  review the su b jec t again  and i s  a time when we 
should be looking f o r  ways of b ring ing  to g e th e r the r e s u l ts  from bulk  
ox idation  and microscopy s tu d ie s  which h i th e r to  have followed independent 
co u rses .
In  a review of th i s  kind one cannot divorce one’s s e l f  e n t i r e ly  from 
a co n sid e ra tio n  of the uncatalysed  re a c tio n , not le a s t  because both 
rea c tio n s  are found to  proceed side by side in  a l l  experim ents designed 
to  study the ca ta ly sed  reac tio n  in  p a r tic u la r , and a b r ie f  summary of the 
■current p o s itio n  both fo r  the k in e t ic s  and the mechanisms i s  included  in  
$2.6. The g a s if ic a t io n  reac tio n s  of carbon are the most im portant of the 
c la s s  of re ac tio n s  in  which a so lid  re a c ts  w ith a gas to  produce an 
e n t i r e ly  gaseous p roduct. From the m echanistic po in t of view th e re  are 
im portant d iffe ren ces  between these  and the co n tac t c a ta ly s is  re a c tio n s , 
to  which they are u su a lly  most c lo se ly  lin k ed , and these w il l  be con­
sid ered  in  general terms in  §2 .5 .
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2 .2  The Graphite S tru c tu re
2.2 .1  Hexagonal G raphite
The commonly accepted s tru c tu re  of g rap h ite  i s  th a t  due to  B e m a l[6] ,  
I t  i s  a la y e r  s tru c tu re  co n s is tin g  of stacked sheets  of co v a len tly  bonded 
carbon atoms w ith  a weaker,'Van d er Waals type, bond between the la y e r s .
The u n it  ‘c e l l  of the two dim ensional-network rep resen tin g  the la y e rs  i s  a
60° rhombus con ta in ing  two atom p o s it io n s . Depending on the choice of
o r ig in  th ere  are  th ree  p a irs  of coord inates v/hich.can be assigned  to  th ese :
(0, 0; x , 1 -x ), (0, 0; 1-x, x ) ,  (x, 1-x; 1-x, x ) . In  the s tru c tu re  pro­
posed by Bernal x = ^ /3 . The s tack ing  of netv/orks using any two of these  
s e ts  of coord inates in  the sequence a b a b a b a ... .  generates the g rap h ite  
s tr u c tu re .  The o v e ra ll s tru c tu re  i s  thus hexagonal, space group P6^/mmc; 
a = 0.2456 nm[7], c = 0.3354 nm[8 ] and the u n it  c e l l  con ta ins 4 atoms, f i g .
2 .1 . There are  two kinds of atom s i t e ;  h a lf  the atoms have c lo se  neigh­
bours in  the ad jacen t b asa l plane la y e rs  and h a lf  do n o t.  The arrangement 
of atoms in  the b asa l plane i s  shown in  f ig .  2 . 2 , to g e th e r  w ith  the c ry -  
s ta llo g ra p h ic  n o ta tio n  of d ire c tio n s  and bounding faces of the c r y s ta l .
2Each carbon atom i s  .cr-bonded to  th ree  o thers through tr ig o n a l 2sp 
hybrid  o r b i ta l s .  The o ther 2p o r b i ta l  on each carbon atom overlaps w ith  
those on ad jacen t atoms to  produce an extended conjugated ir-system  
extending over the whole b asa l p lan e . A re fin ed  s tru c tu re  has re c e n tly  
been proposed by ErgunC 9 ] in  which the value of x in  the above atom 
p o s itio n  coord inates i s  c lose to  0 .318. This amounts to  a c o n tra c tio n  of 
the bond len g th s  p a r a l le l  to  one of the <1010> d ire c t io n s .  The s tru c tu re  
remains hexagonal though because th e re  i s  a lso  a change in  the bond an g le . 
These small changes do not a f fe c t  arguments based on the geometry of the 
c ry s ta l  a lth o u g h .it  i s  suggested by Ergun th a t  i t  makes a 1,4 quinoid  
e le c tro n ic  s tru c tu re  in  the b asa l plane more l ik e ly  than a Kekule one.
From the p o in t of view of r e a c t iv i ty  s tu d ie s  i t  i s  the c o n fig u ra tio n  - 
of surface atoms v/hich assumes most im portance. Apart from the b asa l 
plane su rface , which fo r  most carbons and g rap h ite s  u su a lly  accounts f o r  a 
s u b s ta n tia l  p ro p o rtio n  of the geom etrical surface a rea , th e re  a re  two 
im portant low. index fa ce s , u su a lly  re fe r re d  to  as the "z ig -zag ” and "arm- 
c h a ir"  facesClO ], and which are  [l01 l] and {l12l} re sp e c tiv e ly . Although
/
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2455 nm
3348 run
f i g .  2 .1 . The id e a lis e d  s tru c tu re  of hexagonal g rap h ite
£l01lj
{1121}
<1010>
<1120>
f i g .  2 .2 . The c ry s ta llo g ra p h ic  n o ta tio n  of faces  and d ire c tio n s  
in  the g rap h ite  b asa l p lane.
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in  the g rap h ite  l a t t i c e  there  are  only two d if f e re n t  atom p o s itio n s  th ere  
are s ix  co n fig u ra tio n s  of atoms on these two fa c e s , tv/o on the J l 12l} 
faces and fo u r on the {”1011  ^ fa c e s . On the [l12l]i faces the two kinds of 
atoms occur in  bonded p a irs  a ligned  p a r a l le l  to  the b asa l p lane, each atom 
presen ting ' one u n s a tis f ie d  valency . They d i f f e r  only in  th a t  h a lf  of the 
atoms have c lose  neighbours in  ad jacen t basal plane la y e rs  and the o thers  
do n o t, f i g .  2 ,3 . On the £l01l] faces  there  are tv/o d if f e re n t  con figura­
tio n s  v/hich appear a l te rn a te ly  as la y e r s 'o f  atoms are su ccessiv e ly  s tr ip p ed  
from the su rfac e . These two co n fig u ra tio n s  can be presented  in  tv/o 
d if f e re n t  ways depending on whether only atoms p resen tin g  one u n s a tis f ie d  
valency are included or both s in g ly  and doubly u n s a tis f ie d  atoms are 
inc luded . F igures 2 .4  and 2 .5  show the tv/o co n fig u ra tio n s  in  the forms ■ 
v/here only s in g ly  u n s a tis f ie d  atoms are included . I t  i s  seen th a t  the 
two d if fe re n t  kinds of atoms occur in  h o riz o n ta l rov/s and in  one form, 
the ec lip sed  or "E" form, the tv/o kinds of atoms form mixed v e r t ic a l  rov/s. 
In  the o th er, the staggered o r "S" form, the tv/o kinds of atoms form 
a l te rn a te  v e r t ic a l  rows, f i r s t  of one kind then the  o th e r .
2*2.2 Defect S tru c tu re  of Graphite
A ll g rap h ite  samples con ta in  some s tru c tu ra l  d e fe c ts . D iscounting 
fo r  the time being those asso c ia ted  w ith  im p u ritie s , d e fec ts  can be 
div ided  in to  two groups; po in t d e fe c ts , which involve only a s in g le  atom 
p o s itio n , and extended d e fec ts  which involve s e v e ra l. I t  i s  u sua l v/hen 
d escrib ing  the d e fec t s tru c tu re  of s o lid s  to  include the bounding su rfaces  
of the c ry s ta l  as an extended d e fe c t .  In  th is  th e s is  we v /ill  f in d  i t  
convenient to  t r e a t  the surface co n fig u ra tio n s  described  above as p e rfe c t 
and to  consider the behaviour of a d e fec t when, as atoms are su ccess iv e ly  
lo s t  from the c r y s ta l ,  i t  appears a t  the surface as a "surface d e fe c t" .
i .  Point d e fec ts
The s in g le  i n t e r s t i t i a l  type of p o in t d efec t probably does no t occur 
in  g rap h ite  a t  e leva ted  tem peratures. S tru c tu ra l po in t d e fe c ts  are  
th e re fo re  e n t i re ly  of the vacancy type, i . e .  unoccupied atomic p o s it io n s .
As s tru c tu ra l  d e fec ts  they make l i t t l e  co n tr ib u tio n  to  the r e a c t iv i ty  of 
(l0 7 l}  and fa c e s . On the  b asa l plane su rface  they serve as
in i t i a t i o n  cen tre s  fo r  a t ta c k C ll] .  I t  i s  no t known to  what e x ten t the
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f i g .  2 .3  Surface atom c o n f ig u ra tio n s  on the [ l1 21  ^ face  of hexagonal
g ra p h i te .  Grey b a l l s  re p re se n t atoms w ith  a s in g le  u n s a t i s ­
f ie d  v a len c y . One v e r t i c a l  row of each kind of atom i s  
in d ic a te d  by an arrow .
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f i g .  2 .4  Surface atom c o n f ig u ra tio n s  on the  "E" form ^1011^ face  of 
hexagonal g ra p h i te .  Grey b a l l s  re p re se n t atoms w ith  a 
s in g le  u n s a t i s f ie d  v a len c y .
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f i g .  2 .5  Surface atom c o n f ig u ra tio n s  on the  "Sn form 5.1011] face  of 
hexagonal g ra p h i te .  One row each of the  tv/o k inds o f atom 
i s  in d ic a te d  by an arrow . Grey b a l l s  re p re se n t atoms w ith  
a s in g le  u n s a t i s f ie d  v a len c y .
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e le c tro n ic  e f fe c t  asso c ia ted  w ith  s tru c tu ra l  po in t d efec ts  a f fe c ts  
r e a c t iv i ty ,  but in  view of the la rg e  e le c tro n ic  changes which must take 
place a t  these su rfaces  during re a c tio n s , i t  must be sm all. S im ilar 
arguments apply to  the e le c tro n ic  "ho le” d efec t described  by UbbelohdeCl2] 
in  which unpaired e le c tro n s  form a bonding-antibonding o^-orbital p a i r  
between two atoms in  a b asa l plane and w ith which th ere  i s  no asso c ia ted  
s tru c tu r a l  d e fe c t.
i i .  Extended D efects
There are sev era l forms of extended d e fec t; s tack ing  f a u l t s ,  b asa l 
plane and non-basal d is lo c a tio n s , and vacancy and i n t e r s t i t i a l  c lu s te r s .  
These have a l l  been discussed in  d e ta i l  by Amelinckx, D elavignette  and 
H eerschap[l3 ]. Following the l in e s  of the previous .sec tio n  the p r in c ip le  
in te r e s t  here i s  the in fluence  of these  on r e a c t iv i ty  a t  the c ry s ta l  fa c e s . 
Of the th ree  s e ts  of coord inates v/hich can be assigned to  atomic p o s itio n s  
in  the b asa l plane network only two are used to  generate  the hexagonal 
g rap h ite  s tru c tu re .  A second type of g rap h ite  s tru c tu re  i s  p o ssib le  
which uses a l l  th ree  coordinate s e ts  stacked in  the sequence abcabcabca.. , .  
The l a t t i c e  i s  rhombohedral, space group R3m, Z = 6 , and i s  only s l ig h t ly  
le s s  s ta b le  than the hexagonal form .' Although i t  has never been obtained 
in  pure form i t  can e x is t  to  the ex ten t of sev e ra l per cen t in  n a tu ra l  
g rap h ite s[1 4 ] or in  m echanically worked g raphitesD 5 ] . Treatment of 
g rap h ite  w ith hydrochloric acid  suppresses the rhombohedral form com- 
p l e t e l y D 6 ] . The presence of the rhombohedral form in troduces new kinds 
of atomic co n fig u ra tio n  on the p rism atic  faces of the g rap h ite  c r y s ta l ,  
d if fe r in g  from those in  the pure hexagonal s tru c tu re  in  having c lose  
neighbours in  only one ad jacen t la y e r .  S tacking f a u l t s ,  edge d is lo c a tio n s  
and i n t e r s t i t i a l  and vacancy c lu s te r s  can a l l  be in te rp re te d  in  term s of 
fa u lte d  s tack ing  sequences in  which the th ird  kind of la y e r  i s  in co rp o ra ted  
in to  the hexagonal s tac k in g [l3 ] .
The most im portant extended d e fec t w ith regard  to  i t s  e f fe c t  on re ­
a c t iv i ty  i s  probably the non-basal d is lo c a tio n  s ince i t  i s  emergent on the 
basa l surface where i t  has an a sso c ia ted  s tep  which re a c ts  as a p rism atic  
face  of low h e ig h t, f i g .  2 .6 . In  th is  re sp ec t i t  i s  s im ila r  to  an 
exposed vacancy. An im portant d iffe re n c e , hov/ever, i s  th a t  v /h ils t
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f i g .  2.6 Comparison of e tch  f ig u re s  produced a t  d e fec ts  in  a  s t r u c tu r a l ly  
h igh ly  a n iso tro p ic  m a te r ia l such as g ra p h ite .
(a) unetched non-basal screw d is lo c a tio n
(b) etched non-basal screw d is lo c a tio n
(c) etched s in g le  vacancy
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vacancies only i n i t i a t e  re a c tio n  in  one la y e r , the s tep  asso c ia ted  w ith 
a non-basal d is lo c a tio n  has a h e ig h t of two la y e rs  and can i n i t i a t e  
re a c tio n  in  s e v e ra l.
2.3 The S tru c tu re s  of P ra c tic a l  Carbons and G raphites
The terms carbon and g rap h ite  do not commonly describe  a s in g le  
m a te ria l but a range of so lid s  w ith an enormous v a r ie ty  of p h y s ica l, 
s t r u c tu ra l  and chemical p ro p e r tie s .  This v a r ie ty  stems e s s e n t ia l ly  from 
the f a c t  th a t  most carbons are  formed by decomposition reac tio n s  a t  
tem peratures f a r  removed from those a t  v/hich carbon atoms are mobile in  ' 
the so lid  and the p recurso rs them selves show a wide range of m elting  and 
decomposition behaviour. The com plexities of the decomposition processes 
thus become "fro zen ” in to  the product carbon. I t  i s  not usual to  f in d  —
very  long range order in  a carbon produced by low tem perature c a rb o n i-  —
sa tio n  and what elements of s tru c tu re  these m a te r ia ls  possess would 
norm ally not be s u f f ic ie n t  fo r  them to  be re fe rre d  to  c o r re c tly  as g ra ­
p h ite , although equally  they are not s t r i c t l y  amorphous. High tem perature
treatm en t of these m a te ria ls  m odifies th e i r  s tru c tu re  tov/ard th a t  of 
g ra p h ite . Two broad c la sse s  of carbon are g en e ra lly  recogn ised . Those 
which respond to  a s ig n if ic a n t degree to  such treatm ent are  termed 
"g ra p h itis in g "  carbons. Those which do not are re fe r re d  to  as "non- 
g ra p h itis in g "  carbons. The g ra p h itis a b le  types of carbon are  those which 
pass through a m olten stage between about 700 K to  800 K before carbon i­
s a tio n . Typical g ra p h itis in g  carbons are petroleum  and c o a l - ta r  p itc h  
cokes, carbon blacks and polyvinyl ch lo rid e  carbon. Typical non- 
g ra p h itis in g  carbons are  c e llu lo se  ch ars , r e s in  ch ars , a n th ra c ite  and 
polyvinylidene ch lo rid e  carbon. Carbons hea t t re a te d  to  only moderate 
tem peratures fre q u e n tly  ex h ib it a " tu rb o s tra tio "  s tru c tu re .  This i s  a 
s tru c tu re  in  which the in te r la y e r  spacing i s  m aintained over la rg e  p a r ts  
of the s tru c tu re  bu t in  which the stacked b asa l plane shee ts  a re  in  
random ro ta tio n a l  m isalignm ent.
An exhaustive account of the s tru c tu re  and m anufacturing p rocesses 
f o r  carbons and g ra p h ite s  would be out of place h e re . Even so , s ince  
re sea rch ers  have no t s e t t le d  on a s in g le  candidate carbon fo r  g a s if ic a t io n  
studies., i t  i s  as v/ell to  ap p rec ia te , a t  l e a s t  in  gross term s, the
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d iffe ren ce s  between the p r in c ip a l kinds of g rap h ite s  and carbons which 
are  used . More d e ta ile d  d e sc rip tio n s  of m anufacturing p ra c tic e  and 
p ro p e rtie s  are given by M antellC l7], N igh tingale[ 18 ] and Blackman[19 ] . .
Graphite occurs f a i r l y  abundantly in  n atu re  as the f re e  so lid  and in  
a s so c ia tio n  w ith  o th e r m in era ls . There are th re e  c la s se s  norm ally d is -  
tingu ished ; dissem inated f la k e , c ry s ta l l in e  or plumbago, and "amorphous". 
Plaice g rap h ite  i s  a la m e lla r  form found in  metamorphic rocks such as 
s c h is ts ,  gneisses and lim esto n es . The f lak es  l i e  in  the rock as in d iv i­
duals and c ry s ta l l i s e d  as such when they were formed. The s t r u c tu r a l ly  
most p e rfe c t c ry s ta ls  are  sa id  to  come from the lim estone d ep o sits  of the- 
Broken H il l  d i s t r i c t  of Ticonderoga, New York S ta te .  These c ry s ta ls  are 
the p re fe rred  g rap h ite s  f o r  e le c tro n  microscopy s tu d ie s , e sp e c ia lly  fo r  
the in v e s tig a tio n  of the e f fe c ts  of s tru c tu ra l  d e fec ts  on r e a c t iv i ty .  
N atural flak e  g ra p h ite s  are  ex trac ted  fo r  in d u s t r ia l  use on a la rg e  s c a le . 
They are used fo r  c ru c ib le s  and f o r  b r iq u e tt in g . A ll f la k e  g ra p h ite s  
co n ta in  some im purity  which becomes m echanically trapped in  the c r y s ta l s .  
T yp ica lly  they comprise mica, c a lc i t e ,  q u artz , fe ld sp a rs  and v ario u s  
s i l i c a t e s .  Mica i s  the most d i f f i c u l t  to  remove by mechanical sep a ra tio n  
because i t s  p ro p e rtie s  so much resemble those of g ra p h ite . ' The g rap h ite  
SP-1 i s  a chem ically p u rif ied , n a tu ra l  g rap h ite  w idely used in  g a s if ic a t io n  
s tu d ie s .
Chars are produced by carb o n isa tio n  of vegetab le  m a tte r . Almost any 
vegetab le  m a te ria l can be used to  produce a ch a r. Coconut s h e ll  charcoal 
used to  be a popular research  m a te ria l because of i t s  high d e n s ity  but 
h igh su rface , due to  a la rg e  popu la tion  of small p o res . Most chars from 
n a tu ra l  products, however, co n ta in  a high p roportion  of ash u n le ss , as i s  
the case w ith sugar and c e llu lo se  a c e ta te  ch ars, a p re lim in ary  p u r if ic a t io n  
can be e f fe c te d . There has been a movement re c e n tly  more toward use of 
carbonised sy n th e tic  polymers as an a l te rn a t iv e  to  chars f o r  re search  
purposes.
Carbon b lacks are  manufactured on a v as t sca le  by decom position of 
hydrocarbons in  the gas phase. There are a t  le a s t  f iv e  p rocesses which 
lead  to  carbon b lack  and the products d i f f e r  s u f f ic ie n t ly  to  be s e p a ra te ly  
named; channel b lack , furnace b lack , lampblack, therm al b lack  and
19
acety lene b lack . The f i r s t  fo u r are produced from a number of s ta r t in g  
m a te ria ls  inc lud ing  n a tu ra l gas, town gas, and petroleum  and c o a l - ta r  
d i s t i l l a t e s .  Most carbon b lacks c o n s is t of e s s e n t ia l ly  sp h e rica l p a r t i ­
c le s  which range in  s ize  from ~ 10 nm fo r  the sm allest channel b lacks to  
~ 500 nm fo r  a coarse therm al b lack . The p a r t ic le s  c o n s is t of vary ing  
proportions of tu rb o s tra tic  c r y s t a l l i t e s  and d isorgan ised  carbon. 
C r y s ta l l i te  s iz e s  u su a lly  bear no r e la t io n  to  p a r t ic le  s iz e .  During 
manufacture channel and lampblacks u su a lly  undergo some ox idation  and 
th i s  to  some ex ten t determ ines t h e i r  in te rn a l  p o ro s ity . G -raphitisation  
of a carbon b lack  produces angu lar p a r t ic le s ,  u su a lly  tw elve-sided , in  
which the b asa l plane la y e rs  of the g rap h ite  are a ligned  p a r a l le l  to  the 
o u te r  surface of the p a r t ic le ,  f i g .  2 .7 . Spheron-6 , a popular re search  
m a te r ia l, i s  a g rap h itised  channel b lack  w ith a very  low in te rn a l  p o ro s ity .
Cokes are the resid u es  produced from the d i s t i l l a t i o n  of co a l and 
petroleum  o i l .  Coke from coal i s  produced mainly fo r  the m e ta llu rg ic a l 
in d u s try . Petroleum coke i s  a hard , b r i t t l e ,  shiny m a te ria l w ith  an o ily  
appearance. I t  i s  low in  ash most of which deriv es  from the sand c a r r ie d  
in  suspension in  the crude o i l .  Sulphur i s  a prominent im p u rity . Since 
petroleum  coke i s  a s t r i c t l y  bottom of the b a r re l  product, i t s  q u a l i ty  
tends to  be v a r ia b le .  In  a re f in e ry  the d i s t i l l a t i o n  of bottom products 
can be v aried  according to  the d es ired  y ie ld  of v o la t i le s  and the residue  
q u a lity  i s  u su a lly  of only secondary im portance. P itch  coke i s  made in
(a) (b)
f ig .  2 .7 . C ry s ta l l i te  o r ie n ta tio n  in  (a) u n g rap h itised  and
(b )’g ra p h itise d  carbon b lack s .
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a s im ila r  way to  petroleum  coke but from coal t a r  p i tc h . Cokes are  
e s s e n t ia l ly  d isp erse  systems co n s is tin g  of c r y s t a l l i t e s  of g rap h ite  or 
s t r u c tu ra l ly  re la te d  m a te ria l in  a m atrix  of h igh ly  condensed arom atic 
hydrocarbons and raw cokes con ta in  a f a i r l y  s u b s ta n tia l q u an tity  of com- 
bined hydrogen. The c r y s ta l l in i ty  depends on the h ig h est ca rb o n isa tio n  
tem perature and on the flow p ro p e rtie s  of the in term ed iate  phases through -1-  
v/hich the coke p asses . The hydrocarbon m atrix  i s  u su a lly  decomposed a t  
~ 1400 K but g ra p h itis a t io n  i s  u su a lly  not complete even a t  2800 K. The 
na tu re  of the f in a l  product i s  probably mainly determined by the  chemical 
na tu re  of the m atrix .
P y ro ly tic  carbon i s  the product obtained from decomposition of hydro­
carbons on a ho t surface a t  high tem peratu res. I t  i s  hard , r ig id ,  non- 
porous and has a m e ta llic  l u s t r e .  The carbon can be deposited  on plane 
su rfaces  or on manufactured a r t i c le s  continuously  tumbled in  a fu rn a ce .
A wide range of hydrocarbons are  used, includ ing  those con tain ing  h e te ro ­
atoms, a t  tem peratures from 1500 K to  2600 K. In  high q u a lity  p y ro ly tic  
carbon the c r y s t a l l i t e s  are  w ell a ligned  w ith  re sp ec t to  each o th e r and 
have b asa l plane la y e rs  p a r a l le l  to  the su b s tra te  su rfac e . High tempera­
tu re  hea t treatm ent of p y ro ly tic  carbon can produce a  m a te ria l resem bling 
a  mosaic s in g le  c ry s ta l  of n ea r th e o re t ic a l  d en s ity  which can be cleaved 
l ik e  a n a tu ra l one.
Manufactured carbon or g rap h ite  bodies such as are  used f o r  e le c tro d e s  
or n u c lea r m oderator blocks are made by mixing carbon p a r t ic le s  (c a lle d  
f i l l e r )  w ith a s u ita b le  b in d er. The most commonly used f i l l e r  i s  p e tro ­
leum coke and the most commonly used b inder i s  coal t a r  p i tc h .  The coke 
i s  u su a lly  ca lc in ed  a t  about 1600 K and mixed v/ith the p itc h  a t  about 
420 K. The body i s  formed by ex tru sio n  or moulding to  the d es ired  shape 
and i s  baked a t  about 1300 K. This carbonises the p i tc h .  The b in d er 
lo se s  up to  40$ of i t s  o r ig in a l weight and ty p ic a l ly  the f in a l  body may 
be about 85^ f i l l e r  and 15% b inder carbon. To reduce p o ro s ity  f u r th e r  
the body may be impregnated w ith fu r th e r  m a te r ia ls , c o a l - ta r  p itc h  or a 
polymer such as p o ly fu rfu ry l alcohol, and rebaked. The body i s  u su a lly  
g ra p h itise d  f in a l ly  a t  2800 K to  3300 IC. The f in a l  s tru c tu re  of the  
body i s  dependent on the n atu re  of the coke and the b in d er, the  s tr e s s e s  
used to  form the body, f i g .  2 .8 , and on the g r a p h i t i s a b i l i ty  of the
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(a)
f i g .  2 .8 .
(b)
C iy s ta l l i te  o r ie n ta tio n  in  (a) extruded and (b) moulded 
s to ck . Arrows show d ire c tio n  of app lied  s t r e s s .
im pregnation m a te r ia l.  For n u c lea r g rap h ite s  the g ra p h itis a t io n  i s  o ften  
c a rr ie d  out in  a gas atmosphere, Cl2 or Freon, to  v o la t i l i s e  im p u ritie s .
Instead  of petroleum  coke, f o r  some sp e c ia l n u c lea r g ra p h ite s , a 
carbon i s  used which i s  prepared from g i l s o n i te .  This i s  a n a tu ra l ly  
occurring  high p u r ity  bitumen found in  Colorado and Utah. I t  i s  cracked 
a t  730 K then pyrolysed to  1530 K when i t  y ie ld s  small pseudo-spherical 
g ra in s  0.5 to  3 mm in  diam eter w ith a very  low ash co n ten t.
2 .4  The E ffe c ts  of Pore S tru c tu re  and Texture on K inetics
Single c ry s ta ls  are  only norm ally used fo r  ra th e r  sp e c ia lis e d  s tu d ie s .  
F or bulk  ox idation  s tu d ie s  i t  i s  more usual to  use e i th e r  a powder (loose 
o r compacted) or a so lid  piece cu t from a manufactured a r t i c l e .  So f o r  
most s tu d ie s  the specimen used i s .  a more or le s s  porous body. To in t e r ­
p re t the r e s u l ts  due account must th e re fo re  be taken  of the f a c t  th a t  i f  
d iffu s io n  of re a c ta n t in to  the pores i s  not ra p id , d ep le tio n  of the 
re a c ta n t can occur in  the depths of the po res. The d i f f e r e n t ia l  equations 
which y ie ld  so lu tio n s  describ ing  the v a r ia t io n  in  co n cen tra tio n  of re a c ta n t 
along pores in  porous bodies were developed by T h ie le [20] and were, extended 
to  more p ra c t ic a l  s itu a tio n s  by Wheeler[21 ] .  The mathematics have been 
summarised .by Thomas and Thomas fo r  the con tac t c a ta ly s is  s itu a tio n [2 2 ]
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and the elem entary so lu tio n s  ap p licab le  to  carbon g a s if ic a t io n  were 
summarised by Walker, Rusihko and A u s tin [2 ] . There would be no p o in t 
in  our developing the mathematics in  f u l l  here but the r e s u l ts  give r is e  
to  some u se fu l ru le s  of thumb v/hich are  widely used in  g a s if ic a t io n  
s tu d ie s  and which we w ill  need to  use l a t e r .  What follow s i s  an o u tlin e  
of the so lu tio n s  of the d i f f e r e n t ia l  equation f o r  the s in g le  pore ( a f te r  
T h ie le [20]) and the approximation developed by Wheeler f o r  extending them 
to  porous bod ies.
We consider a c y lin d r ic a l  pore of rad ius r  and len g th  2L, f i g .  2 .9 .
The co n cen tra tion  of the mouth of the pore (L = 0) i s  put the same as in  
the  f re e  gas, c Q. In  an elem entary sec tio n  S x  of th i s  pore a mass 
balance req u ire s  th a t  the change in  mass flow ra te  in to  and out of the 
sec tio n  equals the ra te  of re a c tio n . For a f i r s t  o rder re a c tio n  the 
d i f f e r e n t ia l  equation  describ in g  the v a r ia t io n  in  re a c ta n t co n cen tra tio n  
along the pore i s
2
r 2j) S x  = 2 7rrfx k. c (2 .1 )
3x2
where k  ^ i s  the in t r in s ic  ra te  constan t per u n it  surface  of s o lid  and D 
i s  the d iffu s io n  c o e f f ic ie n t ,  which depends on the d iffu s io n  mechanism.
Por boundaiy cond itions c = c 0 a t  x  = 0 and b c / b x  = 0 a t  L = 0, i . e .  
a t  the cen tre  of the pore th e re  i s  no n e t flow of re a c ta n t, and in t r o ­
ducing a dim ensionless param eter, h-j, the T hiele modulus, defined  by
h-j = LA/2 k 1/rD  (2 .2 )
the ra te  of re a c tio n  in  the h a lf  pore i s  given by
Ri_ • = (*nrr^ D c0 h-] tanh h-] )/L (2 . 3 )
This r e s u l t  r e fe r s  to  re a c tio n  in  a s in g le  c y lin d r ic a l  p o re . I f  
the pore s tru c tu re  and geometry of the  m a te ria l have been c h a ra c te r is e d  
the ap p ro p ria te  changes to  the d iffu s io n  equation  can be made and a 
so lu tio n  ob tained . Some approxim ation has to  be made i f  the pore 
s tru c tu re  of the m a te ria l i s  no t known. Wheeler’ s simple approach was 
to  assume th a t  the sum of the su rface  areas of a l l  the pores i s  equal to  
the BET surface area  and the  sum of a l l  the pore volumes equals the  ex p eri­
mental volume, then to  determ ine app rop ria te  average values of r  and L.
I f  th ere  are  n /2  pores ’of h a lf  len g th  L the t o t a l  ra te  i s  R tim es the  
r a te  f o r  the h a lf  pore, R i. Por a small so lid  specimen or an in d iv id u a l
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granule in  a bed of m a te ria l the number of pores emergent on the 
e x te r io r  surface  i s  rtpSx where np i s  the number of pores per u n it  of 
ex te rn a l surface and Sx the e x te rn a l surface a re a . Then the r a te  p er
I
granu le , or f o r  the specimen i s ,  fo r  the f i r s t  o rder case:
Rg = Sx np Rl = . (S-xY^A d/  r 2/^/? l )  c 0 hg tanh hg (2 .4 )
where i s  the p o ro sity  and r  the average pore s iz e .  The Thiele modulus, 
hg , i s  now defined  as
hg = (2 ?g/ s x ) v q 7 3 ' ( 2 .5 )
where k[ i s  a m odified ra te  co n stan t co rrec ted  to  take account of pore 
in te rs e c tio n s  and to r tu o s i ty .
A s im ila r  an a ly s is  can be c a rr ie d  out f o r  zero and.second order 
re a c tio n s . Por each case a new Thiele modulus has to  be defin ed . In  
each case i t  i s  made p ro p o rtio n a l to  k2 and w h ils t i t  does no t co n ta in  c 0
in  the f i r s t  o rder case i t  does f o r  the second and zero order c a se s .
1
The r e s u l t  i s  th a t  Ri >. Ro- are  p ro p o rtio n a l to  k~2 f o r  a l l  th ree  cases and X 2
to  c /  f o r  the zero order case, c 0 fo r  the f i r s t  o rder case and 
3 /0
c fo r  the second order case . This then i s  the o rig in  of the ru le  o
th a t :  when.the ra te  i s  co n tro lle d  f u l ly  by d iffu s io n  of re a c ta n t in
the pores of the so lid  ( i . e .  the re a c ta n t co n cen tra tio n  f a l l s  to  zero 
somewhere in  the  body) the apparent a c tiv a tio n  energy i s  one h a lf  
the chemical r e a c t iv i ty  c o n tro lle d  r a te ,  and the apparent o rder i s  
(n + l ) / 2  where n i s  the tru e  o rd er.
h • 2L.
x=LL=0
2r
f ig .  2 .9 . R eaction in  a s in g le  pore.
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' Another approach which g ives a s im ila r  so lu tio n  has been used by
Hawtin and co-workers s p e c if ic a l ly  fo r  the re a c tio n  of la rg e  tu b u la r  
g rap h ite  blocks w ith oxygen[23]. I f  the only tra n sp o rt process fo r  
the re a c ta n t in  the pores i s  gas phase d iffu s io n , and the volume change 
in  the re a c tio n  and v a r ia t io n  of the d iffu s io n  c o e f f ic ie n t w ith  c o n c e n t- . 
r a t io n  are  n e g lig ib le  then:
ZV 2 m = lari? (2 .6 )a  ci
where Z i s  the e f fe c tiv e  d iffu s io n  c o e f f ic ie n t of the re a c ta n t gas 
through the gas in  the  pores of the g rap h ite , ma the mole f ra c t io n  of 
the re a c ta n t in  the gas, n the order of re a c tio n  and k an n ^ 1 order 
ra te  co n s ta n t. S o lu tion  of equation  (2 . 6 ) f o r  a boundary co n d itio n  
which s e ts  the re a c ta n t con cen tra tio n  a t  zero in s id e  the body y ie ld s  
fo r  the to ta l  ra te  of re a c tio n , R^:
R^ = constan t J ~  . I^mn+1T ^  (2 .7 )
where X i s  the r a t io  of the e f fe c tiv e  d iffu s io n  c o e f f ic ie n t  of the
re a c ta n t in  the gas in  the pfltes to  the corresponding fre e  gas d if fu s io n
c o e f f ic ie n t ,  i s  the d en s ity  of the g rap h ite  and R^ the chemical r a t e .
The tem perature dependence i s  now found to  give an apparent a c t iv a t io n
energy which i s  tem perature dependent. Por the range of tem peratures
u su a lly  of in te r e s t  the T ^ ^  term amounts only to  an a d d itio n a l apparent
—1a c tiv a tio n  energy term of about 1 kcal.m ole . The ru le  th a t  the 
apparent a c tiv a tio n  energy i s  approxim ately one h a l f  the chemical a c t i ­
v a tio n  energy, th e re fo re , s t i l l  h o ld s . Prom equation  (2 .7 ) the 
(n + l ) / 2  o rder of re a c tio n  ru le  i s  a lso  ob tained .
At very high r e a c t iv i t i e s  o r high tem peratures the inpore d iffu s io n  
co n tro l of the ra te  g ives over to  boundary la y e r  d iffu s io n  c o n tro l,  in  
which the re a c ta n t gas has to  d iffu se  through a s ta b le  la y e r  of product 
gas on the o u te r  surface  of the s o l id .  Under these  cond itions the 
a c tiv a tio n  energy drops to  values c lo se  to  ze ro . These s i tu a t io n s  are  
rep resen ted  in  the form of an A rrhenius p lo t and re a c ta n t co n cen tra tio n  
p ro f i le s  in  the gas and so lid  in  f i g ,  2 .10.
25
log
ra te
zone I I I zone I I zone I
1
ao
-P »H
£  -P
•po -p
03 Sh <D 0) 
fH O 
~£! o  O
s o lid  • gas s o lid gas s o lid  gas
f i g .  2 .1 0 . Rates and re a c ta n t con cen tra tio n  p ro f i le s  f o r  v a rio u s  
k in e tic  regimes in  ox idation  of porous carbons.
2.5 A pp lication  of the Theory of Heterogeneous Reactions to  G a s if ic a tio n  
Reactions
For the most p a rt the theory , concepts and methods of co n tac t c a ta ­
ly s i s  are  accepted as ap p licab le  to  the g a s if ic a t io n  of carbon. There 
a re , however, some d iffe ren ces  which d is tin g u ish  the g a s if ic a t io n  
re a c tio n s  as a group from those, re ac tio n s  in  which only the gas phase 
sto ich iom etry  i s  a l te re d  through some agency of the so lid  su rfa c e .
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Summaries of the theory  and methods of con tact c a ta ly s is  and gas 
adso rp tion  are provided in  sev era l a u th o r ita t iv e  te x ts ,  p resented  in  a 
h ea lth y  v a r ie ty  of ways, Bond [24], Laidler[25] and Thomas and Thomas£2] 
give p a r t ic u la r ly  lu c id  accounts. 'We w ill  consider here ju s t  one, 
perhaps the most im portan t, aspect in  which the two types of re a c tio n  
d i f f e r .
The c e n tra l concept of the modem theory  of heterogeneous re a c tio n s  
i s  the " s i t e " .  This i s  the u n it  of a rea  on the surface a t  which, in  
m olecular term s, the re a c tio n  takes p la ce . T yp ica lly  a s i t e  i s  an atom 
or a c o lle c tio n  of atoms w ith a p a r t ic u la r  geom etrical or e le c tro n ic  con­
f ig u ra tio n  which favours the transfo rm ation  of the gas phase re a c ta n t 
m olecules to  form product. In  a co n tac t c a ta ly s is  re a c tio n  the s i t e  i s  
l e f t  behind. The d is tin g u ish in g  fe a tu re  of g a s if ic a t io n  re a c tio n s  i s  
th a t  s i t e s  are c a r r ie d  o ff  d u rin g .th e  rea c tio n  as the atoms w ith which 
they  are a sso c ia ted  are  lo s t  from the surface as p roduct. This has impor­
ta n t  consequences. Suppose fo r  the moment we consider a s i t e  in  carbon 
g a s if ic a t io n  rea c tio n s  to  c o n s is t of. a s in g le  exposed atom. ( in  th i s  
th e s is  the term exposed atom w il l  be used to  rep resen t an atom p resen tin g  
one or more u n s a tis f ie d  v a len c ies  a t  the s u rfa c e .)  As the atom i s  
c a r r ie d  away i t  exposes another in  the surface of the c ry s ta l  v/hich may 
o r may not have a r e a c t iv i ty  d if f e r e n t  from the departing  one. One can 
envisage sev era l types of " s i te  re ac tio n "  in  a g a s if ic a t io n  re a c tio n .
I *
s i t e ( l )  + R eactants — » s i t e (1 ).+  product
This i s  the p r in c ip a l re ac tio n  in  co n tac t c a ta ly s is .  The s i t e  i s  l e f t  
behind as the product molecule d e p a r ts . S ite s  need no t a l l  have the 
same r e a c t iv i ty  and an almost continuous spectrum of r e a c t iv i t i e s  i s
9 .
o ften  assumed. The to ta l  r a te  of re a c tio n  i s  given by
ra te  = c^xj_ (2 .8 )  '
i
where c^ i s  the concen tra tion  of a s i t e  i  and x^ i t s  r e a c t iv i ty .  (The 
r e a c t iv i ty  of a s i t e 'w i l l  be taken as the ra te  of re a c tio n  of a s i t e  
ad ju sted  fo r  the re a c ta n t and product co n cen tra tio n , f o r  s im p lic i ty .)
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I I .
s i t e ( l )  + re a c ta n ts  — > n s i te ( 2 )  + p ro d u c t(s ite )
This i s  probably the most im portant s i t e  re a c tio n  in  g a s if ic a t io n  
re a c tio n s . The o r ig in a l s i t e  has been incorporated  in to  the product 
and a new s i t e  exposed in  the su rfa c e . I f  n = 1 the re a c tio n  proceeds
a t  a steady r a t e .  I f  n > 1 we have the g a s if ic a t io n  equ ivalen t of a
chain  re a c tio n . I f  the s i t e  which i s  generated has the same r e a c t iv i ty  
as the one which has reac ted  the ra te  expression i s  the same as f o r  the 
co n tac t c a ta ly s is  ca se . The main departure from these k in e t ic s  occurs 
i f  the two s i t e s  have d if f e re n t  r e a c t iv i t i e s .  For an ordered s o lid  the 
d if f e re n t  kinds of s i t e  would appear in  some ordered sequence as 
successive la y e rs  of atoms are  s tr ip p e d  from the su rfa c e . The ra te  of 
re a c tio n  i s  obtained by summing the ra te s  fo r  a l l  the sequences on the 
su rfa c e . The ra te  of re a c tio n  of the atoms in  a sequence i s  obtained
as fo llo w s. Consider a sequence, j ;
a b c . . . . i . . . . q a b c . . . . i . . . . q a b c . . .
The f i r s t  s i t e  re a c ts  in  a time 1/x , the second can re a c t only a f t e ra
th i s  and w ill  re a c t in  a time s0 on* ^  th e re  are q atoms in
the  rep eat d istan ce  then q atoms re a c t in  a time l / l i  given by
The ra te  fo r  the sequence, j ,  i s  then
-1
1 1
(2 .9 )
r a t e . = ( 2 . r o )
and by summing over a l l  sequences v/e g e t the t o t a l  ra te ;
D J i
I t  i s  seen th a t  the ra te  i s  c o n tro lle d  by the low est r e a c t iv i ty  s i t e  
which appears in  each sequence. Compare th is  w ith the co n tac t c a ta ly s is  
s i tu a t io n  in 'w hich  the ra te  i s  c o n tro lle d  by the most numerous high 
r e a c t iv i ty  s i t e s  (equation  2 .8 )...
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s i t e  — s i t e  + re a c ta n ts  — * s ite *  + p ro d u c t(s ite )  - •
s ite *  + re a c ta n ts  ---- ~ » p ro d u c t(s ite )
Atoms asso c ia ted  w ith ad jacen t s i t e s  can occur in  bonded p a irs  and 
re a c tio n  of one a c tiv a te s  the o th e r . In  the scheme s e t  out above the 
s i t e s  which are  generated  have not y e t been in c lu d ed . The way in  which 
these s i t e s  appear provides sev era l a l te rn a t iv e  forms of th is  p a r t ic u la r  
re a c tio n , the two generated s i t e s  could be o v erla in  by s i t e s  in  the same 
rea c tin g  p a ir  or by d if fe re n t re a c tin g  p a ir s ,  fo r  example. I f  the 
a c tiv a te d  s i t e  i s  very  much more re a c tiv e  than  the unac tiv a ted  s i t e  the 
c a lc u la tio n  of tha ra te  i s  much s im p lif ie d . Consider a p a ir  of s i t e s  of 
d if f e re n t  r e a c t iv i ty  in  a  scheme as s e t  out above. - '
-
s i t e ( l )  — site(-2) + re a c ta n ts  -----» s i t e * ( l )  + p ro d u c t(s ite )
k2s i t e * ( l )  + re a c ta n ts  -----» p ro d u c t(s ite )  + s i t e ( l )  — s i te ( 2 )
s i t e ( l )  — s i te ( 2 )  + re a c ta n ts  ——* s ite * (2 )  + p ro d u c t(s ite )
k .
s ite * (2 )  + re a c ta n ts  ■ p ro d u c t(s ite )  + s i t e ( l )  — s i te ( 2 )
I f  we define the r e a c t iv i ty ,  x , of a s i t e  as
x = k f [ re a c ta n t]  (2 .12)
where f [ re a c ta n t]  i s  some ap p ro p ria te  fu n c tio n  and recognise th a t  once 
incorporated  in to  the product a s i t e  lo se s  i t s  in d iv id u a l id e n t i ty ,  we 
may w rite
ra te  = - ).1 -  x ^ [ s i t e ( l )  — s i te ( 2 ) ]  + x2E s ite * ( t) ]  +
x _ [ s i t e ( l )  — s i te ( 2 ) ]  + x C site* (2 )] (2 .13)
At steady s ta te
P, a [ si t e ( l ) — s i te ( 2 ) ]  -  x ^ [s i te * (2 )]  = 0 (2.14-)
and
-C ^t.g2)2 = X2[slte(l) — s i te ( 2 ) ]  -  x ^ [ s i t e * ( l )] = 0 —. (2 .15)
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C o m b in in g  e q u a t io n s  ( 2 . 1 3 ) ,  ( 2 . 1 4 )  and  ( 2 . 1 5 )  an d  p u t t i n g  t h e  co n cen -
which i s  in  s im ila r  n o ta tio n  to  the ra te  expressions derived b e fo re .
The s ig n ifican ce  of th is  equation i s  perhaps d isgu ised  by i t s  s im p lic ity ; 
i t  shows th a t  r e a c t iv i ty  of the p a ir  i s  equal to  twice the average 
r e a c t iv i ty  of the s i t e s  taken in d iv id u a lly .
Ju s t  as one s i t e  can be a c tiv a te d  by re a c tio n  of ano ther bonded to  
i t ,  so i s  i t  p o ssib le  th a t  a whole row of bonded s i t e s  could be a c tiv a te d  
by re ac tio n  of one of them; a " z ip ” mechanism. This i s  u n lik e ly  in  
carbon reac tio n s  and w ill  no t be considered fu r th e r .
2.6 The K inetics and Mechanisms of the Uncatalysed G a s ific a tio n
Reactions of Carbon
An e x ce llen t a p p ra isa l of the s ta te  of our knowledge on the uncata­
ly sed  g a s if ic a t io n  of carbon in  1969 was given by Thomas a t  the 9th 
B ienn ia l Carbon Conference[26]. The p o s itio n  since then has no t changed 
a g rea t deal and most of the d iscu ssio n  has been on p o in ts  of d e t a i l .
Prom a purely  k in e tic  s tandpo in t, the reac tio n s  can be divided in to  two 
groups; reac tio n s  w ith CO^  and H^ O on the one hand and w ith 0^ and N20 
on the o th e r. This d iv is io n  in  f a c t  extends fu r th e r  since i t  a lso  
rep re sen ts  the d iffe ren ce  in  the ex ten t to  which the mechanisms are  under 
stood and, as we s h a ll  see l a t e r , ,  the ex ten t to  which the d if f e re n t  
ca ta ly sed  rea c tio n s  have been s tu d ied . In  th is  l a t t e r  re sp ec t we f in d  
ourselves in  an awkward p o s itio n  since w h ils t i t  i s  the re a c tio n s  in  CO^  
and H^ O which are the b es t understood of the uncatalysed  re a c tio n s , most 
of the inform ation  on the ro le  of c a ta ly s ts  comes from s tu d ie s  invo lv ing  
oxygen.
The g a s if ic a t io n  by 00^ i s  now n early  always in te rp re te d  on. the 
b a s is  of the mechanism described by Ergun and M entser[27]:
t r a t io n  of bonded p a irs  as c , we getp
ra te  = e (x1 + Xg)' (2 .16)
IV.
C°2 + Cf  -v -^ '.... * 0(0) + CO ( 1 )
c ( o )  2 > co + nC (2 )
3 0
where rep resen ts  a f re e  c a rb o n .s ite  and C(o)  a s i t e  occupied by an 
in te rm e d ia te •oxide complex. The value of n i s  taken to  l i e  between 
zero and two, depending on the n atu re  of the departing  s i t e ,  and a t
steady s ta te  the average value of n must be one. The equ ilib rium
/ v 14rea c tio n  (1 ) has been stud ied  by C exchange by Ergun and M entser
[27,28] and the av a ila b le  evidence in d ic a te s  th a t ,  a t  the tem peratures of
in te r e s t ,  £ 1200 K, the equ ilib rium  i s  e s ta b lish ed  ra p id ly  compared to
the ra te  of the g a s if ic a t io n  s tep  (2 ) . Recent developments have mainly
been concerned w ith the d e ta i l  of the mechanism and have examined the
assumptions more c lo se ly . Ergun and Mentser had assumed th a t  the sum of
the f re e  s i t e  co n cen tra tio n , [C^], and the co n cen tra tion  of s i t e s  occupied
by oxygen, [ c ( o ) ] ,  accounted fo r  a l l  the s i t e s ,  i . e .
[ C f ]  +  ' C O (O ) ]  =  Cc t ]
and th e i r  method of so lu tio n  contained the im p lic i t  assumption th a t  the 
f re e  s i t e  on the l e f t  hand side of re a c tio n  (1 ) above i s  the same as th a t  
occupied on the r ig h t .  Grabke, in  p a r t ic u la r ,  has attem pted to  remove — 
these  c o n s tra in ts  which are not supported by experim ental evidence and 
are  r e a l ly  only devices which s im p lify  the mathem atical development.
His trea tm en t[293 allows the complex complete freedom to  move over the 
surface  by assign ing  to  the complex a thermodynamic a c t iv i ty  which i s  
r e la te d  to  the oxygen a c t iv i ty ,  and so the CO/CO  ^ r a t io ,  in  the gas phase.
Ergun and M entser[27] considered a s im ila r  mechanism to  apply to  the 
graphite-H^O re a c tio n  as in  the re a c tio n  in  GO ;^
H2° + ° f  H2 +
C(0)  > CO + nC
In  th is  case , however, a f u r th e r  com plication a r is e s  due to  the w ater-gas 
s h i f t  reac tio n ;
C ‘ + ' H20 CO + H
and
CO + h2o co2 + h2
F o r 'th e  g ra p h ite -0 2 rea c tio n  the s i tu a t io n  i s  much more com plicated 
and i t  i s  s t i l l  no t possib le  to  v /rite  a m echanistic scheme which w il l
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y ie ld  a u sefu l k in e tic  d esc rip tio n  of experim ental r e s u l t s .  Most ra te  
measurements are performed in  a way which y ie ld s  the ra te  of lo s s  of 
carbon atoms, -  dC/dt; in  bulk ox idation  experiments from a weight lo s s ,  
in  microscopy experim ents from the change in  morphology of surface 
fe a tu re s  on the g ra p h ite . The r e s u l ts  are u su a lly  expressed in  a simple 
A rrhenius formj
-  dC/dt = k(p02 )n exp (-E/RT) (2 .17)
where n i s  the o rder and E the A rrhenius a c tiv a tio n  energy. A c tiv a tio n
energy values f o r  pure carbons f a l l  w ith in  a f a i r l y  narrow range, ta b le  
2 .1 . The order of re a c tio n  i s  f a r  le s s  c e r ta in  though a number of 
recen t s tu d ie s  have in d ica ted  an order of one [32-3 4 ] . The co n sis ten cy  
o f the a c tiv a tio n  energ ies i s  remarkable because the carbon i s  lo s t  as 
two products, CO and COg, which are formed in  a wide rauge of r a t io s .
I t  has now been e s ta b lish e d  th a t  both CO and CC>2 are  both primary products 
of the re ac tio n , a f t e r  many years of d iscu ssio n  a s sto  whether a l l  the C02 
could have a r ise n  from secondary ox idation  of CO. The product r a t io  
can be rep resen ted  by
C0/C02 = A exp (-E/RT) (2 .18)
where A i s  a constan t dependent on both the oxygen pressu re  and b u m -o ff [3 5 ] .
Values of E of 12.4 kcal.m ole” 1[36 ], 14.3 a n d '18.7 kcal.m ole” 1C37] fo r
—1 —1in term ediate  p ressu res  and 6 to  8 .5  kca l .mole” [38] and 6.4 kca l .mole [39]
fo r  p ressu res in  the m i l l i to r r  range.
The re a c tio n  in  oxygen produces a th i rd  product, a s tab le  su rface  
oxide complex, the s tru c tu re  and ro le  of which have been in te n se ly  
s tu d ied , p a r t ic u la r ly  by Walker and h is  school. Therm oelectric power 
s tu d ie s  in d ic a te  th a t  oxygen i s  not s tro n g ly  adsorbed on the g rap h ite  
b asa l plane su rface[40] and electron[-11,41 ,42] and o p t ic a l[10] microscopy 
s tu d ie s  have shown th a t ,  in  oxygen, carbon atoms are lo s t  only from the 
p rism atic  su rfaces a t  the edge of the c r y s ta l ,  surface  s tep s  and the 
s id es  of surface p i t s  produced a t  d e fe c ts . For most g rap h ite s  the p r i s ­
m atic su rfaces c o n s ti tu te  only a very  small f ra c t io n  of the BET su rface
9
a rea  which lead  to  the in tro d u c tio n  of the concept of an ac tiv e  su rface  
a rea  (ASA); " the f ra c t io n  of the BET area  from v/hich g a s if ic a t io n  occurs.
The s ta b le  surface  oxide accumulates on th is  su rface  during the re a c tio n
3 2
T a b le  2 .1
A ctiv a tio n  Energies fo r  the Reaction of Various Carbons 
and G raphites w ith  Oxygen and A ir
Carbon Gas TemperatureC°o)
E
(kcal.m ole ) Reference
UCP-1-200 a i r 600-800 49 32
Pechiney EDP a i rf 580-640 64 30
Pechiney Spectro- 
graphic
a i r 580-640 64 30
N atural Madagascar a i r 560-620 64 30
Pechiney 30-60 
(15fo b um off) .
a i r 637 61 31
N ational Carbon 30-60 
(17^ bum off)
a i r 637 62 31
ex-SiC p u rif ie d  
( b u m o ff)
a i r 629 59 - 31
Spheron-6 (zone II.)' °2 315-560 25.4 34
Spheron-6 (zone I I ) a i r 315-560 32 .2 34
UCP-1-200 °2 700-800 63 53
Ticonderoga p a r a l le l  
to  <1010> °2
812-872 66 10
Ticonderoga p a r a l le l  
to  <1120> °2
812-872 62 10
SP-1 °2 -
enriched
a i r
561-596 68.5 33
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and tends to  in h ib i t  i t .  Walker and co-workers have proposed the 
follow ing equation fo r  the ra te  of lo s s  of carbon[43 ,44 ]
. ' ■ ' f l P  ' k(pO ) (A SA )( l -e )
-  at  n  “  (2 .19)
where 0 i s  the f ra c t io n  of the a c tiv e  surface covered w ith the s ta b le  
oxide, complex. The denominator i s  intended to  take account of the slow
breakdown of the complex, v r (0 ) being a kind of p a r t ic ip a to ry  index .
The order of re a c tio n  of one i s  only assumed[43 ] .
S tudies d ire c te d  a t  a determ ination  of the s tru c tu re  of the s ta b le  
oxide give a c o n s is te n t, i f  com plicated, p ic tu re .  Thermal deso rp tio n  of 
the complex produced on burning Graphon in  oxygen[45] produces CO as the 
m ajor product with-'a small q u a n tity  of CO^. The CO^  undergoes secondary 
re ac tio n  w ith the carbon surface a t  tem peratures over 700 C. The 
desorp tion  ra te /tem p era tu re  curves are not simple but con ta in  a s e r ie s  of 
breaks and in f le c tio n s  v/hich are taken to  in d ic a te  the presence of sev e ra l 
d isc re te  forms of the complex[45 ,46 ] • The k in e tic s  of ad so rp tio n  of 
oxygen onto c lean , thoroughly outgassed su rfaces of p a r t ly  burned-off 
G-raphon q u ite  d is t in c t ly  show the presence of sev era l d if f e re n t  r e a c t iv i ty  
sitesC47 *48] numbering a t  le a s t  f iv e .  S im ila rly , ESCA s tu d ie s  of 
oxidised p y ro ly tic  g rap h ite  f a i l  to  show the presence of an oxygen complex 
on the basal su rface but on p rism atic  su rfaces and on polyvinylidene 
d ich lo rid e  carbon an oxygen s ig n a l i s  obtained which cannot be i n t e r -  
p re ted  un less a t  le a s t  f iv e  d if f e re n t  chemisorbed s ta te s  are  allow ed[49] .  
The ex istence of so many d if fe re n t  chemisorbed s ta te s  i s  w idely thought 
to  in d ic a te  th a t  in te r la y e r  in te ra c tio n s  on p rism atic  su rfaces  are  
im portan t[45 ,4 7 ,4 8 ].
The uncatalysed  reac tio n s  are in fluenced  by the presence of s tru c ­
tu r a l  im perfections in  the g rap h ite  because they serve as i n i t i a t i o n  
cen tre s  fo r  a t ta c k  when they are emergent on b asa l p lan es . The study of 
the ro le  of vacancies has been g re a tly  f a c i l i t a t e d  by the development by 
Hennig of the e tch -d eco ra tio n  techn ique[-11 ] . This i s  based on an 
observation  made by B a s s e t t [ 5 0 ]  th a t  monolayer q u a n ti t ie s  of gold eva­
porated onto a cleaved a lk a l i  h a lid e  c ry s ta l  do- .. not produce a continuous 
la y e r  but aggregate., in to  small c r y s t a l l i t e s  which p re fe r e n t ia l ly  occupy 
su rface  s teps and o th er surface im perfec tions, a phenomenon~now known as
ft
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"deco ra tion". Hennig found th a t  a number of m etals could be used to  
decorate a v a r ie ty  of fe a tu re s  on g rap h ite  basal plane su rfaces inc lud ing  
monolayer s tep s , d is lo c a tio n s , vacancies, submerged vacancy lo o p s[2  ] and 
s u b s ti tu tio n a l  im purity  atomsC51]. ’ The b es t decorant f o r  g rap h ite  has 
proved to  be gold on a surface a t  ~ 250°C. Vacancies are b es t observed 
by developing them in to  p i t s  by co n tro lled  o x id a tio n . D ecoration then 
shows up the s i t e  of the o r ig in a l vacancy as a r in g  of gold n u c le i which 
can e a s ily  be seen in  an e lec tro n  microscope and counted.
M olecular oxygen i s  found not to  e x tra c t atoms from s tru c tu r a l ly  
p e rfe c t basal plane su rfaces a t  a percep tab le  ra te  but w ill  expand 
vacancies a lready  p resen t to  form shallow p i t s  one atom la y e r  deep.
These p i t s  do not appear on the surface of c a re fu lly  annealed c r y s ta l s .  
Q u an tita tiv e  determ inations of the ra te  of expansion of these pitsC 52j 
show i t  to  be s u b s ta n tia lly  slow er than the ox idation  of m u ltip le  la y e r  
stepsClO ], and w ith a lower a c tiv a tio n  energy. G r if f i th s  in te rp r e ts  
th i s  as an in d ic a tio n  th a t  in te r la y e r  p a r t ic ip a tio n  in  the re a c tio n  i s  
im portan t. S ingle la y e r  p i t s  are  n ea rly  always c i r c u la r  in d ic a tin g  th a t  
the atoms on th e i r  s id es  have approxim ately equal r e a c t iv i ty .  The p i t s  
asso c ia ted  w ith expanded emergent screw d is lo c a tio n s , however, are  m ostly 
hexagonal. Thomas[10] has stud ied  the expansion of these  p i t s  using  
o p tic a l microscopy and fin d s  th a t  the s ides of p i t s  produced a t  900°G 
(1273 K) are p a r a l le l  to  <1010> d ire c tio n s  w h ils t those produced a t  
1000°C (1373 K) have s ides p a r a l le l  to  <1120>. The o r ie n ta tio n  of hexa­
gonal e tch  p i t s  was used by Thomas to  deduce the d ire c tio n s  of h ig h est 
r e a c t iv i ty  in  the b asa l plane using  the follow ing argument, which i s  
reproduced verbatim  because i t  w il l  be found to  be im portant in  ca ta ly sed  
re a c tio n s  a lso : " (a ) dodecagonal p i t ,  which i s  bounded a l te r n a te ly  by
<1120> and <1010> d ire c tio n s , th a t  i s ,  the faces  of (the side of) the p i t  
a l te rn a te  from i101l} to  { l1 2 lj, may be regarded as the embryonic stage 
of e tch  p i t  p roduction . Nov/ i f  the ra te  of g a s if ic a t io n  of the carbon 
atoms a t  the (1011} and $1121} faces  v/ere equal, symmetrical dodecagonal 
e tch  p i t s  would be produced. But (when) hexagonal e tch  p i t s  bounded by 
$1121} faces are observed we may conclude th a t  the ra te  of o x ida tion  in  
the <1010> d ire c tio n  must be g re a te r  than in  the  <1120> d ire c tio n , th a t  
i s ,  carbon atoms are detached more re a d ily  from the {l01l} than the [1121^ 
f a c e s ."
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2.7  The L ite ra tu re  on the C atalysed G asifica tio n  of Carbon
The in tro d u c tio n  of the c a ta ly t ic  aspect in to  g rap h ite  ox ida tion  
in c reases  enormously the number of v a r ia b le s  to  be considered . In  
ad d itio n  to  the e f fe c ts  of tem perature, p ressu re , s tru c tu re  of the carbon 
and gas phase a d d itiv e s  on the ca ta ly sed  ra te  and product r a t io s  th e re  
are  the e f fe c ts  of the amount of c a ta ly s t ,  i t s  chemical com position, 
p a r t ic le  size , lo c a tio n  on the g rap h ite  surface and in te ra c tio n s  w ith 
o th e r c a ta ly s ts  to  be considered . When one i s  reminded th a t  more than 
h a lf  the elements in  the perio d ic  ta b le  have a lready  been shown to  s ig n i­
f ic a n t ly  a l t e r  the ra te  in  oxygen, the  scope fo r  experim entation comes 
in to  p e rsp e c tiv e . Apart from the amount of c a ta ly s t ,  and in  some 
circum stances p a r t ic le  s iz e , these  v a r ia b le s  are not norm ally c o n tro lle d . 
The comparison of the behaviour of one c a ta ly s t  w ith  ano ther then  becomes 
extrem ely d i f f i c u l t  in  exact term s. Q u an tita tiv e  r e s u l ts  are  seldom 
quoted, f o r  example, as complete fu n c tio n s  of bum off but a t  some a rb i­
t r a ry  bum off a t  a po in t where a c tiv e  surface a re a s , the f r a c t io n  of the 
a c tiv e  a rea  covered by c a ta ly s t ,  p a r t ic le  s iz e , e tc .  are alm ost complete 
unknowns. Very few p e rip h e ra l s tu d ie s  have been made on systems in tended 
to  model p a r t ic u la r  d e ta ile d  asp ec ts  of the c a ta ly t ic  re a c tio n s , such as 
chem isorp tion /desorp tion  sp e c tra , and most of the re lev an t in fo rm ation  
comes from two broad c la sse s  of experim ent; bulk  ox idation  s tu d ie s  and 
microscopy s tu d ie s .
2 .7 .1  Bulk O xidation S tudies
Heintz and ParkerC32] and Eakszawski and P arker[53] have to g e th e r
provided the most ex tensive survey of the e f fe c ts  of d if f e re n t  c a ta ly s ts
on the g ra p h i te -a ir  re a c tio n . A dditions of c a ta ly s t  as e i th e r  the
element or an oxide to  a uniform le v e l ,  of 0.1 mole per cen t were made to
a high p u rity  b ri'q u e ttin g  powder (UCP-1 -200) w ith  a surface  a rea  of 2.1 
— 1m^.g . Rates were determined a t  5-20% bum off and a t  sev e ra l tempera­
tu re s ; a t  l e a s t  f iv e  in  the case of the Heintz and Parker study and two 
in  the Rakszawski and Parker s tudy . The r e s u l ts  are  summarised in  
ta b le  2.2 and the A rrhenius param eters are shown p lo tte d  in  f i g .  2.11 
as a compensation e f f e c t ,  a f t e r  c o rre c tio n  of the c a lc u la tio n  of the  a c t i ­
v a tio n  energy fo r  f iv e  elem ents[54J • The d a ta  are a good f i t  to  a 
s t r a ig h t  l in e  in  f i g .  2.12 except a t  low a c tiv a tio n  energies-. The values
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fo r  the uncatalysed  r a te s  are a lso  included . Only two elements were
found to  in h ib i t  the reac tio n  to  any g rea t ex te n t, boron and phosphorus,
by fa c to rs  of two and f iv e  re sp e c tiv e ly . Very s l ig h t  in h ib i t io n  was
a lso  found in  the presence of W, Ta, Ni and Ti a t  600°G and Ag, Ru and
Nb a t  700°C but only by a few p er c e n t. Orders of re ac tio n  were only
determined fo r  Bo0„ and P^O.. and were found to  be one. For the main 2 5 2 5
group elements only two tem peratures were used to  determine the a c tiv a tio n  
energiesC55] and le s s  re lia n ce  can be placed on them. Although i t  was 
assumed th a t  the re a c tio n s  were being s tud ied  in  a chemical r e a c t iv i ty  
c o n tro lle d  regime, and fo r  the uncatalysed  rea c tio n  th is  was s p e c if ic a l ly  
in v e s tig a te d , the f a c t  th a t  ig n i t io n  was reported  f o r  lead  con ta in ing  
samples, to g e th e r w ith  a very low a c tiv a tio n  energy (E = 1 kca l .mole ) , 
i t  seems l ik e ly  th a t  f o r  th i s  and samples re a c tin g  a t  s im ila r  r a te s  the 
co n tro l may have tra n s fe rre d  to  a d if f e re n t  k in e tic  regim e. These were 
Pb, B i, Se and Sb c a ta ly s ts .
Magne and Duval[55] stud ied  the e f fe c t  of a d d itio n s  of 120 ppm of
2 -1eleven elements on the re ac tio n  of SP-1 g rap h ite , su rface a rea  2.35 m .g , 
w ith  oxygen-enriched a i r  and w ith  elem ents stud ied  are  shown
in  ta b le  2 .2  and the r e s u l ts  shown as a compensation e f fe c t  in  f i g .  2 . 1 2 .
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f i g .  2.12 A rrhenius param eters in  the re a c tio n  of SP-1 w ith  O2 enriched  
a i r  and NgO. A fte r  LIagne[553.
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The f i t  to  the compensation e f fe c t  i s  as good as w ith the H eintz and 
Parker da ta  although the range of a c tiv a tio n  energ ies covered i s  much 
sm alle r. The only exception i s  the lead  ca ta ly sed  re a c tio n  in  a i r .
I t  i s  in te re s t in g  to  note th a t  the a c tiv a tio n  energ ies fo r  a p a r t ic u la r  
c a ta ly s t  are e i th e r  the same in  the two gases ( to  w ith in  1 kcal,m ole )
or i t  i s  the re a c tio n  in  N^ O which has the h ig h er a c tiv a tio n  energy.
A ll of the c a ta ly s ts  increased  the ra te  in  both gases a t  470°C but no t by 
the same amount, For Pb, Cr and Ivin the ra te s  in  a i r  were g re a te r  than 
in  and fo r  Co, Ag, H i, Cu, Ba, Cd, U the r a te s  in  N^O were g re a te r  
than  in  a i r .  Product C0/C02 r a t io s  in  a l l  cases were s u b s ta n tia l ly  
reduced by the presence of the c a ta ly s t .  By f a r  the most a c tiv e  c a ta ­
ly s t s  were Pb and Cr in  a i r  and Co and Na in  H^O,
AmariglioC56,57] s tud ied  the e f fe c ts  of a d d itio n s  of approxim ately 
120 ppm of c a ta ly s ts  to  a s e r ie s  of s im ila r  g rap h ite s  on the r a te  in  a i r  
a t  400°C to  500°C, The c a ta ly s ts  stud ied  included Na, the a lk a lin e
e a r th s , A l, Cd, Mn, Pb, the coinage m etals, Pd and P t .  Lead produced 
the g re a te s t  e f f e c t ,  Al and Be produced hard ly  any e f fe c t  a t  a l l .  In  a l l  
cases the c a ta ly s t  reduced the product r a t io ,  CO/CO^, and in  the  case of 
Cu, Ag, P t and Pd, CO was hard ly  d e te c ta b le , although P t and Pd did not 
much a f fe c t  the r a t e .  C learly  in  th i s  case the product r a t io  was 
a ffe c te d  by secondary ox idation  on the c a ta ly s t  su rfac e .
In  the p as t i t  has been common p ra c tic e  to  express the e f f e c ts  of 
c a ta ly s ts  in  g a s if ic a t io n  rea c tio n s  as a c t iv i ty  s e r ie s ;  l i s t i n g s  of 
c a ta ly s ts  in  o rder of in c reasin g  or decreasing  a c t iv i ty .  I t  i s  now c le a r  
th a t  these are not very u se fu l except f o r  cond itions ex ac tly  the  same as 
those under which they have been determ ined. As examples, the fo llow ing  
have been taken from the l i t e r a tu r e :
340°C Pb»Mn»Ag>X! u>Au>N aXI 0 A m ariglio[57]
470°C Pb»C r» C  o»Mn>Na>Ag>Cu>Ni Magne and Duvalt55]
500°C Au>Na>Ag>Cu>Pb>Ni>Mn>Co>Fe L e to rt and M artin[58]
600°C CuXJr>Ag>Mn>Au^o~Pd~Pt~Fe~Ni Heintz and ParkerC32]
700°C Pd»Pt~Au»Cu>CrXJo ~F e~Mn~Ni~Ag H eintz and P ark e r[32]
Prom these l i s t s  i t  i s  c le a r  th a t ,  although some elem ents appear to  show 
f a i r l y  uniform behaviour, e .g .  Ag and Mn which move down the  l i s t  w ith
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in c reas in g  tem perature and Ni and Pe which always fe a tu re  low in  the l i s t ,  
the l i s t s  are l ik e ly  to  be of l i t t l e  value fo r  general purposes. Note 
fo r  example the o rders of the group of elements Lin, Pe, Co, N i. Indeed
the only c a ta ly s ts  fo r  v/hich f a i r l y  c o n s is te n t behaviour has been reported  
are phosphorus, which in h ib i ts  the re ac tio n  in  oxygen[53 ,59 3 lead  which 
i s  u su a lly  extrem ely ac tiv e  a t  low tem peratures[53 ,55 ,60] and platinum  
which g ives a  co n s is te n t f ig u re  f o r  i t s  a c tiv a tio n  energy, as w il l  be 
shown l a t e r .  There i s  much d iscu ss io n  in  the l i t e r a tu r e  a t  p resen t 
regard ing  the s ig n if ic an c e  of a good f i t  to  a p lo t of log  A a g a in s t E[6lX. 
I t  i s  e a s ily  shown (§ 7 .2 ) th a t  in  the absence of experim ental e r ro r  i f  
the p lo t i s  l in e a r  th e re  e x is ts  a tem perature, the iso k in e tic  tem perature, 
a t  which a l l  the re a c tio n s  proceed a t  the same r a t e .  This means th a t  
on Arrhenius coo rd inates the ra te  expressions f o r  a l l  the re a c tio n s  p ivo t 
about a p o in t. Comparing any two reac tio n s  then , the one which i s  f a s t e r  
below the iso k in e tic  tem perature w il l  be the slow er above i t .  The d is ­
cussion  of these p lo ts  g en era lly  are  on the s ig n if ic a n ce  and uniqueness 
of th i s  iso k in e tic  tem perature in  the presence of experim ental e r ro r  
[6 1 ,6 2 ,6 3 ,6 4 ]. The da ta  of H eintz and Parker[32] and Magne and Duval[55 ] 
would seem to  in d ic a te  an is o k in e tic  tem perature of around 840 K ( 570°c)  
which could in  p a r t  exp la in  some of the in co n s is te n c ie s  in  the above l i s t s .
One of the o b jec tiv es  of these  broad surveys of elem ents has been to  
seek out p a tte rn s  of behaviour amongst s iza b le  groups of c a ta ly s ts  which 
could be lin k ed  to  a  l ik e ly  mechanism. H eintz and Parker in fe r re d  th a t  
a d iv a le n t s ta te  fo r  the m etal was im portant from a c o r re la t io n  which they 
believed  they had e s ta b lish ed  between the a c tiv a tio n  energ ies  of the 
re a c tio n s  in  oxygen and the l a t t i c e  energ ies of the monoxides f o r  the 
f i r s t  row t r a n s i t io n  element c a ta ly s ts .  This -co rre la tio n  has been r e -  
examined[54]. The a c tiv a tio n  energ ies  showed a "double-humped" v a r ia t io n  
w ith  atomic number w ith  a pronounced minimum a t  Mn[52], A fte r  c o rre c tio n  
of the ca lcu la ted  a c tiv a tio n  energy da ta  i t  was c le a r  th a t  the minimum 
was broader than o r ig in a lly  supposed and i t  a lso  included Cr, f i g .  2 .13 , 
whereas the l a t t i c e  energy fo r  the monoxide i s  a t  a maximum a t  C r. The 
p r in c ip a l terms which vary  w ith the m etal in  the thermodynamic cycle  fo r  
l a t t i c e  energ ies are  the io n iz a tio n  energy and the l a te n t  hea t of 
sublim ation , f i g .  2.13* The io n iz a tio n  energy i s  the energy req u ired  to
4 1
/_ \ d is s o c ia tio n  e le c tro n  _2-
2  W   a f f in i ty -----
<M> ----------^ - 2? -------- > (M) .....sublim ation  v 7 p o te n tia l
h^ t  of <M0 /«> l a t t i 0 eform ation n/ 2  energy
n=2
(D
o
E
aoj*
oo
n=1
Ca S c  Ti V Cr Mn F e  Co Ni Cu Zn
, 2.13 C o rre la tio n  of c a ta ly s t  a c t iv a tio n  energ ies  w ith  
l a t t i c e  energ ies of the monoxides.
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produce a gaseous ion  of charge n+ from a gaseous atom and i s  the sum of 
the io n iz a tio n  p o te n tia ls  fo r  the f i r s t  n successive charge s t a t e s .  The 
io n iz a tio n  energy values[65] show a pronounced minimum a t  I,In and Pe fo r  
the +2 and +3 s ta te s  re sp ec tiv e ly  and a t  V, Cr fo r  the +1 s t a t e .  The
la te n t  hea t of sublim ation[24 ] has a minimum a t  Mn. The v a r ia tio n , of 
l a t t i c e  energy i s  expected to  fo llow  the v a r ia tio n  in  the sum of the 
io n iz a tio n  energy and la te n t  h ea t of sublim ation whatever the charge 
s ta te  of the m etal ( fo r  an is o s tru c tu r a l  s e r ie s  of o x id es). This sum i s  
shown in  f i g .  2.13 fo r  the +1, +2 and +3 s ta t e s .  The c o r re la tio n  w ith 
the +2 s ta te  i s  found to  be le s s  s a tis fa c to ry  in  f a c t  than the +1 s ta te .*  
One would be h e s i ta n t ,  however, to  suppose th a t  i t  i s  the +1 s ta te  which 
i s  involved because double-humped v a r ia t io n s  of th i s  kind are  found f o r  
a number of p ro p e rtie s  of t r a n s i t io n  m eta ls[66] .
The e f fe c t  of ad d itio n  of sev e ra l c a ta ly s ts  sim ultaneously  has been 
examined by Hering and co-w orkers[67] fo r  the g r a p h i te -a ir  re a c tio n .
For the fo u r c a ta ly s ts  s tu d ied , Cu, Pe, NaP and V, each added to  a le v e l 
of 2.5 ppm and w ith an ox idation  tem perature of 650°C, i t  was found in  
each case th a t  a mixed c a ta ly s t  produced a g re a te r  e f fe c t  on the ra te  
than would have been expected from the ra te s  obtained from a d d itio n s  of 
s in g le  c a ta ly s ts ,  and th is  d iffe ren ce  increased  w ith the number of c a ta ­
ly s t s  added (up to  fo u r ) .  I f  one of the added m a te r ia ls  i s  an in h ib i to r  
the  e f fe c t  of a c a ta ly s t  can be much reduced. Phosphates, f o r  example, 
have been shown by Magne and DuvalC59] to  alm ost com pletely s t i f l e  the 
c a ta ly t ic  in fluence  of Ba and Pb.
S im ila rly  the e f fe c t  of a p a r t ic u la r  m etal may be' g re a tly  m odified 
by i t s  a sso c ia ted  anion, the so -c a lle d  "anion e f fe c t" [  4 ] .  By f a r  the 
most in te n s iv e ly  s tud ied  in  th is  re sp ec t i s  le a d , mainly because of i t s  
p r a c t ic a l  importance in  automobile engines, and th is  i s  r e f le c te d  in  the 
n a tu re  of the experim ents. V ir tu a lly  a l l  the r e s u l ts  a v a ila b le  have 
been obtained from the lowering of the ig n it io n  po in t of im pregnated 
samples compared to  u n trea ted  carbon. Nebel and Cramer[68 ] obtained  the 
fo llow ing order of ig n it io n  p o in ts  (which i s  the reverse  o rder of c a ta ­
l y t i c  a c t iv i ty ) ;
no ad d itiv e  > orthophosphate > su lphate > n i t r a t e  > basic  su lp h a te  >
carbonate > ch lo rid e  > monoxide > bromide > basic  bromide > b as ic
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ch lo rid e  > a c e ta te ,
f o r  3*5 to  7 weight p e r .c e n t a d d itio n s  of lead  s a l t .  The same r e la t iv e  
p o s itio n s  had been found by sev era l previous workersC69-72] even w ith 
d if f e re n t  amounts of c a ta ly s t .  The only d ev ia tio n  of note v/as th a t  
w h ils t Nebel and Cramer found s l ig h t  lowering of the ig n it io n  p o in t f o r  
phosphate and su lphate  a d d itiv e s , Burk, Test and Jackson[71] had found 
these to  ra is e  the ig n it io n  p o in t f a i r l y  s u b s ta n t ia l ly .  In  view of the 
very  much la rg e r  c a ta ly s t  load ings in  th is  l a t t e r  work, 85$, though, th i s  
d iffe ren ce  i s  hard ly  s u rp r is in g [73 ]•
There are no very broad in v e s tig a tio n s  of the e f fe c t  of d if f e r e n t  
c a ta ly s ts  on the graphite-CC^ o r graphite-H^O re a c tio n s .
Most of the above s tu d ie s  r e f e r  to  s itu a t io n s  in  which the c a ta ly s t
i s  p resen t in  excess; ad d itio n  of 0.1 mole p er cen t of a t r a n s i t io n
2 -1element to  a carbon of surface a rea  of 2 m ,g  corresponds to  a su rface  
con cen tra tio n  of ~ 4 atoms per su rface  atom. HeuchampsC31,74] po in ted  
out th a t  the accum ulation of re s id u a l im p u ritie s  on the surface  of even 
the h ig h est p u r ity  carbons can be s ig n if ic a n t  a t  high b u m o ff . W hilst 
th i s  i s  c e r ta in ly  t ru e ,  the method of c a lc u la tio n  used by Heuchamps cannot 
be considered e n t i r e ly  a p p ro p ria te . He used as a b a s is  the f a c t  th a t  i f  
the carbon i s  burned o ff  to  A$ the o v e ra ll co n cen tra tio n  of im purity  i s  
100/(100 -  A) tim es th a t  o r ig in a lly  p resen t and then  assumed th a t  a l l  
th i s  im purity  v/as d is tr ib u te d  over the  su rfa c e . Then the su rface  concen­
t r a t io n  of im purity  expressed as a  mass of im purity  p er u n it  su rface  area  
i s  given by
t.m .
0 = - m iu  <2 -23>
where t^  i s  the i n i t i a l  le v e l of im purity  p e r u n it  mass of g ra p h ite , nu 
the i n i t i a l  mass of the g raph ite  and S the su rface  a rea  a f t e r  b u m o ff to  
A$. I t  i s  u n lik e ly  th a t  ox idation  would bring  a l l  of the im purity  to  
the su rface , as th is  approach im p lies , but th a t  the im purity  d eposited  a t  
the  surface  i s  only from the g rap h ite  burned o f f .  This would g iv e :
C = A /S. ' (2 .24)
which i s  much le s s  a t  low b u m o ff, and s l ig h t ly  le s s  a t  the h ig h e s t b u m o ff .
*
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The e f fe c t  of a c a ta ly s t  no t p resen t in  excess i s  dependent on i t s
co n cen tra tio n . Amariglio[56 ,57 ] has stud ied  the e f fe c t  of d if f e re n t
ad d itio n s  of Pb, Ba, Mn and Na to  various g rap h ite s  a t  tem peratures a t
which the c o n tr ib u tio n  of the uncatalysed  ra te  could be la rg e ly  n eg lec ted .
For Ba and Na the in crease  in  ra te  was l in e a r  w ith co n cen tra tion  up to
about 15 ppm a f t e r  which th ere  was a s l ig h t  t a i l in g  o f f ,  f ig .  2 .14 .
With Mn and Pb the curve v/as sigmoid, the p rec ise  form depending on the
type of g ra p h ite , f i g .  2 .14 . These curves are  b e s t in te rp re te d  in  te rm s ’
of the d i f f e r e n t ia l  forms; fo r  Ba and Na the in crease  in  ra te  p er u n it
of added im purity  i s  constan t up to  a c e r ta in  le v e l a f t e r  which i t  t a i l s
o ff  and fo r  Mn and Pb the in crease  in  ra te  per u n it  of added c a ta ly s t
r is e s  to  a maximum before t a i l i n g  o f f .  L,HommeC753 has s tud ied  the
e f fe c t  of the amount of c a ta ly s t  on the i n i t i a l  r a te ,  a c t iv a tio n  energy
and o rder of re a c tio n  in  the platinum  ca ta ly sed  re a c tio n  of a spheron
g ra p h itise d  carbon b lack . The uncatalysed  re a c tio n  had been shown to  be
c o n tro lle d  by in -po re  d iffu s io n  of the re a c ta n t w ith an a c t iv a tio n  energy
of 25*4 kcal.m ole [34 3 and a v a r ia b le  o rder. The ca ta ly sed  re a c tio n
was stud ied  w ith 0 .14 , 0 .52, 1 .0 , 1.5 and 4.9 weight p er cen t a d d itio n s
-1of platinum . A ctiv a tio n  energ ies of 32.4 kcal.m ole in c reas in g  to  
-142.2 kcal .mole w ith in c reasin g  platinum  conten t were observed and orders
of re ac tio n  were g re a tly  reduced, from n early  one, to  0.13 f o r  0.14$ Pt
and to  0.42 f o r  4 .9$  P t .  In  the o r ig in a l paper the d e ta ile d  behaviour
was in te rp re te d  as due to  a s h i f t  of co n tro l of the ra te  from in -po re
d iffu s io n a l co n tro l to  chemical r e a c t iv i ty  c o n tro l.  The h ig h est a c t i -
—1v a tio n  energ ies observed (42 .2 kca l .mole*" ) are  very  c lo se  to  one h a lf
— 1th a t  observed in  the H eintz and Parker study (86.8 kca l .mole*" )[32 3 
suggesting  th a t  w ith the h ig h est platinum  ad d itio n s  the in -p o re  d if fu s io n  
i s  s t i l l  ra te  c o n tro ll in g . Indeed, s ince platinum  increased  the  r a te  so 
markedly and since  i t  was i n i t i a l  r a te s  which were being s tu d ied  so th a t  
pore opening would not have occurred, th a t  in -po re  d iffu s io n  s t i l l  con­
t r o l le d  the ra te  would have been expected. A p lo t of log  A a g a in s t E 
was a q u ite  d i s t in c t  curve, f i g .  2 .1 5 . Heuchamps has s tu d ied  the  v a r ia ­
t io n  in  a c tiv a tio n  energy and product r a t io  as su rface  im purity  le v e ls  
b u i l t  up during the ox idation  of q u ite  high p u r ity  g rap h ite  [3 1 r743 in  a i r  
and t r i e d  to  develop a theory  to  account f o r  i t ,  a  theory  which has
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In  A
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f ig .  2.15 Compensation e f fe c t  f o r  the platinum  ca ta ly sed  re a c tio n  
of Spheron-6 in  oxygen, a f t e r  L,Homme[753.
fe a tu red  prom inently in  a t  le a s t  th ree  recen t review s[ 3  , 4 , 5 3 .
Heuchamps took as a b a s is  th a t  the surface  could be divided in to  two 
parts$  a f ra c t io n  m on which the c a ta ly t ic  re a c tio n  took place and the 
rem ainder, (1-m), which reac ted  n o n -c a ta ly t ic a l ly ,  fo llow ing e le c tro n  
microscopy evidence from Hennig th a t  th i s  was indeed the case[76 3 . The 
t o t a l  r a te  was then expressed by Heuchamps as :
A exp(-E/RT) = mAc exp(-Ec/R l)  + ,(l-m)Au exp(-Eu/RT) (2 . 2 5 )
where the su b sc rip ts  u and c r e f e r  to  uncatalysed  and ca ta ly sed  re a c tio n  
re sp e c tiv e ly  and unsubscrip ted  A rrhenius param eters to  the t o t a l  r a t e .
In  o rder to  reduce the  number of v a r ia b le s  a param eter, k, the a c t iv i ty  
of the c a ta ly s t  was in troduced , defined  as the r a t io  of the ca ta ly sed  to  
uncatalysed  r a te s :
A exp(-E/RT) = A^ exp(-E^ROOtm -  k(l-m )3 (2 .26)
Each term was then  m u ltip lied  by the ap p ro p ria te  E:
AE exp(-E/RT) = A^ exp(Eu/RT)CmEc +.KEu (l-m)3 , (2 .27)
and the exponentia l terms e lim inated  between equations (2.26.) and (2 .27)
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to  g ive:
m =
k(E -E) c
E-E +k(E -E) u c
(2 .28)
A s im ila r  method was used to  evaluate  the product r a t io  and to  derive  the
compensation e f f e c t  ex p ression . In  f a c t  although the c a lc u la ted
expressions agree very  w ell w ith  the experim ental r e s u l ts  i t  can e a s i ly  ■
be shown th a t  the method of c a lc u la tio n  i s  not v a l id .  The use of the
param eter k im plies th a t  i t  i s  tem perature independent which assumes
E = E . S im ila rly  to  express the l e f t  hand side  of equations (2 .2 5 ), c u
(2 .26) and (2 .27) as simple exponents and to  m u ltip ly  through equation
(2 .26) by the ap p ro p ria te  E a lso  assume E = E . Experim entally  th i sc u
was found no t to  be the ca se . S im ila r remarks can be made on the 
expressions derived fo r  the product r a t io s .
D eta iled  s tu d ie s  of the ca ta ly sed  graphite-CO^ re a c tio n  have concen­
tr a te d  mainly on the  e f fe c t  of iro n  which i s  an extrem ely p o ten t c a ta ly s t  - 
comparable w ith lead  in  the graphite-O ^ re a c tio n . The d e ta ile d  behaviour 
of iro n  i s  in te re s t in g  because of the  high s o lu b i l i ty  of carbon in  
a u s te n ite  (y -iro n )  and the changes in  ox idation  s ta te  of iro n  which can be 
e ffe c te d  by changes in  the gas phase com position. Both these asp ec ts  
were stud ied  by Walker, Shelef and AndersonC 4 3 who have a lso  reviewed 
the  e a r l i e r  l i t e r a t u r e .  On thermodynamics grounds one would a n tic ip a te  
th a t  f o r  p ra c t ic a l  gases (CO/CO  ^ r a t io s  co n tro lle d  between 10 and 10 ) 
iro n  could no t be oxidised to  F e ^ ^  ^ 2 > ^"kkough ^ e3^4 
m e ta llic  iro n  could be s ta b le  depending on the C0/C02 r a t io ,  ta b le  2 .5 .
Table 2 .5
Approximate equ ilib rium  CO/CO2 r a t io s  fo r  oxides 
of iro n  group m etals a t  800-900°C[94]
phase Fe FeO Fe_0 5 4 Pe 02 5 Ni NiO Co CoO
c o /c o 2 >5 5-0 .5 0.5-5x10”5 <5x10“5 >10“2 -2<10 >7x1 O'-2 <7x10~2
R esu lts  obtained by Walker, Shelef and AndersonC43 and by RakszawskiC773 
are  c o n s is te n t w ith thermodynamic co n tro l of the c a ta ly s t  com position and 
w ith m e ta llic  iro n  and possib ly  FeO being very  a c tiv e  c a ta ly s ts  and 
m agnetite (Fe^O^) no t so . Reaction of an iro n  impregnated g rap h ite  in
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CC>2 shows th a t  the c a ta ly s t  i s  i n i t i a l l y  extrem ely ac tiv e  but then becomes 
in a c tiv e  as i t  i s  oxidised* Treatment w ith e i th e r  CO or Hg re s to re s  
the a c t iv i ty .  The com position of the phases has been v e r if ie d  by 
magnetic s u s c e p t ib i l i ty  measurements. C arb u risa tio n , by hea t trea tm en t, 
a lso  d e ac tiv a te s  the c a ta ly s t  although w h e th e r 'th is  i s  a tru e  chemical 
e f f e c t  i s  much le s s  c e r ta in .  The c a ta ly s t  in  a g ra p h ite /iro n  sample 
hea t tre a te d  in  helium  to  1300°C or 1600°C i s  found to  be in a c tiv e  
i n i t i a l l y  bu t to  become a c tiv a te d  a f t e r  an in d u c tio n  periodC77]. This 
in d u c tio n  period can be much shortened by p a r t ly  burning the sample in  
oxygen a t  450°C, o r e lim inated  by treatm ent in  hydrogen a t  1000°C.
W hilst the i n i t i a l  in a c t iv i ty  could be due to  c a rb u risa tio n  of the iro n  
a t  the h ig h er tem perature an equally  l ik e ly  p o s s ib i l i ty  i s  th a t  the con- 
s id e rab le  change in  s o lu b i l i ty  of carbon in  iro n  between the c a rb u r is a tio n  
tem perature and the re a c tio n  tem perature causes carbon to  p r e c ip i ta te  on 
the m etal surface  as a coherent g rap h ite  f ilm , as in  the case of. n ic k e l 
ca rb u rised  in  me thane [7 8 ].
The rev e rsa l' of the ro le  of CO between the ca ta ly sed  and uncata lysed  
re a c tio n s ; CO in h ib i ts  the uncatalysed  re ac tio n  but CO/CO  ^ m ixtures can 
keep the iro n  in  the reduced, and a c tiv e , co n d itio n , can give r is e  to  an 
in te re s t in g  s i tu a t io n  when d if fu s io n  of re a c ta n t in  the pores i s  im portan t. 
Under these con d itio n s  CO b u ild s  up as product in s id e  the specimen and 
w h ils t the uncatalysed  re ac tio n  i s  in h ib ite d , ca ta ly sed  re a c tio n  which i s  
much f a s te r ,  s t i l l  can take p la c e . On the ou tside  the c a ta ly s t  i s  
poisoned due to  ox idation  and only uncatalysed re a c tio n , which i s  slow, 
occurs. Thus i t  i s  possib le  f o r  a sample to  ox id ise  more on the  in s id e  
than  the o u ts id e . This s i tu a t io n  has in  f a c t  been encountered by 
Walker, Shelef and AndersonC 4 ] .  From ta b le  2 .2  i t  i s  seen th a t  f o r  Ni 
and Co, CO co n cen tra tions g re a te r  than  1$ or 1% re sp e c tiv e ly  are  s u f f ic ie n t  
to  m aintain  both m etals in  the reduced s t a t e .  This d iffe ren ce  i s  re ­
f le c te d  in  the ex ten t to  which they can become d eac tiv a ted  by o x id a tio n . 
Cobalt does show d e ac tiv a tio n , but not so re a d ily  as iro n , n ic k e l does n o t. 
The a c t iv i ty  of the th ree  m etals decreases in  the o rder Fe > Co > NiC4 ] .
The e f fe c t  of tem perature on the a c t iv i ty  of the th re e  m etals  i s  
c e r ta in ly  not understood. Curved, or a t  very  b e s t dog-leg, A rrhenius 
p lo ts  are obtained w ith a l l  th re e  metalsC 4 ,77 ,79] and the A rrhenius p lo t
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i s  extrem ely s e n s it iv e  to  p a r t ic le  s ized77].
The c a ta ly s is  of the graphite-H^O re ac tio n  i s  much le s s  w ell known, 
p a r t ic u la r ly  a t  low tem peratu res. Barium and stron tium  are both a c tiv e  
in  the re ac tio n  of SP-1 g rap h ite  a t  low p ressu res  and a t  tem peratures 
below 1100°C[79], in c reasin g  the ra te  by fa c to rs  of 1000 and 150 respec­
t iv e ly  although they  do not a f f e c t  the a c tiv a tio n  energy a g re a t d e a l.
Any iso k in e tic  tem perature would th e re fo re  be experim entally  in a c c e s s ib le . 
Iro n , on the o th e r hand, appears to  reduce the a c tiv a tio n  energy to  almost 
zero fo r  as l i t t l e  as 50 ppm of c a ta ly s t .  This does no t appear to  be 
a t t r ib u ta b le  to  a d iffu s io n  e f fe c t  e i th e r  as the ra te  i s  s t i l l  s e n s itiv e  
to  the  amount of c a ta ly s t  p resen t[79 l*  S i l ic a  poisons the e f f e c t  of 
i ro n .
2 .7 .2  O ptical and E lec tro n  Microscopy S tudies
Microscopy techniques have been applied  to  ca ta ly sed  g rap h ite  oxi­
d a tio n  reac tio n s  fo r  about the l a s t  12 y e a rs . Hopes th a t  they might 
provide a means of ra p id ly  e lu c id a tin g  the mechanisms involved have 
g rad u a lly  faded as an almost l im i t le s s  v a r ie ty  of behaviour amongst c a ta ­
ly s t s  has been uncovered. For the most p a r t  microscopy techniques have 
so f a r  only provided q u a li ta t iv e  in form ation  but are  a valuab le  means of 
g e t t in g  a t  m orphological d e t a i l .  That being so, the broad surveys of the 
kind c a rr ie d  out using  bulk ox ida tion  methods are  of much le s s  im portance. 
Even now l i t t l e  o r no in form ation  regard ing  the re a c tio n s  in  CO^  o r H^ O 
i s  av a ilab le  and most s tu d ie s  have been of re a c tio n s  in  a i r  or oxygen.
The main fe a tu re s  of the g r a p h i te -a i r  re a c tio n  were described  by 
Hennig fo llow ing e le c tro n  microscopy s tu d ie s  of the goldC76,80,81 ] ,  iro n  
and vanadium[82] and silverC41 ] ca ta ly sed  re a c tio n  on n a tu ra l g rap h ite  
c r y s ta ls ,  s t r u c tu r a l ly  h igh ly  p e rfe c t c ry s ta ls ,  ra d ia tio n  and therm ally  
damaged c iy s ta ls  and on c ry s ta ls  con ta in ing  s u b s t i tu t io n a l  boron im purity  
atom s. Hennig recognised two fe a tu re s  a r is in g  from ca ta ly sed  re a c tio n ; 
channels and p i t s .  In  the uncatalysed  re a c tio n , i t  w il l  be r e c a l le d , the 
re a c tio n  proceeds w ith lo ss  of carbon atoms from p rism atic  faces  of the  
g rap h ite  and atoms are not norm ally ex trac ted  from s tr u c tu r a l ly  p e r fe c t  
b asa l plane su rfaces  although a n e t re a c tio n  in  the ' c 1 d ire c t io n  can 
occur through in i t i a t i o n  of re a c tio n  in  the b asa l plane by v acan c ie s .
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f i g .  2.16 Formation of channels in  the ca ta ly sed  ox idation  of 
g ra p h ite ; A, a c tiv e  p a r t ic le ;  B, in a c tiv e  p a r t ic le  
not in  co n tac t w ith  a s tep ; C, p a r t ic le  too sm all to  
cu t channel in  s te p •
According to  Hennig a s im ila r  s i tu a t io n  e x is ts  in  the ca ta ly sed  re a c tio n s , 
although whether i t  i s  p o ssib le  f o r  atoms to  be ex trac ted  from p e rfe c t 
b asa l planes has not been- answered unequivocally . There i s  evidence th a t  
f o r  some c a ta ly s ts  i t  i s  n o t[4 2 ,8 2 ] . With gold c a ta ly s ts ,  to  which Hennig 
put most of h is  e f f o r t ,  on s t r u c tu r a l ly  p e rfe c t c ry s ta ls  the main fe a tu re  
was channels. The c a ta ly s t ,  prepared as c o llo id a l  aqueous suspension , 
was d is tr ib u te d  on the surface as d isc re te  sub-micron s ized  p a r t i c le s .  
P a r t ic le s  in  co n tac t w ith p rism atic  faces of su rface  s tep s  in c reased  the 
r a te  of lo s s  of carbon atoms a t  th e i r  immediate in te r fa c e  w ith  the  g rap h ite  
causing th a t  p a r t  of the s tep  to  recede f a s t e r  than  the r e s t .  The p a r t i ­
c le ,  adhering to  the face , follov/ed i t  and so appeared to  cu t a channel 
in to  the s tep [8 0 ], f i g .  2 .16 . P a r t ic le s  hot in  co n tac t w ith  a s tep  were 
in a c tiv e  but i t  vfras supposed th a t  p a r t ic le s  could m igrate to  s te p s .  
P a r t ic le s  were found no t to  be ab le  to  tunnel in to  s tep s  h ig h er than  the 
diam eter of the p a r t ic le ,  f i g .  2 .1 6 . On c ry s ta ls  con ta in ing  vacancies
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(through i r r a d ia t io n  or quenching from high tem peratures) or s u b s t i tu ­
t io n a l  im purity  atoms, gold formed p i t s  which Hennig in te rp re te d  as being 
due to  i n i t i a t io n  of a t ta c k  on the basal plane surface by po in t d e fe c ts , 
f i g .  2 .17 . These two forms of behaviour were used as a means of c l a s s i ­
fy in g  c a ta ly s ts  by ThomasClO] and McKee[83] in  t h e i r  o p tic a l microscopy
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f i g .  2.17 P it  form ation due to  a high d en sity  of po in t d e fec ts  
( a f t e r  Hennig[81 ] ) .
s tu d ie s , w h ils t Hennig used them to  d is tin g u ish  c ry s ta ls  of d if f e r e n t  
s t r u c tu r a l  p u r ity [8 1 ] . Rather s u rp r is in g ly  the  two d if f e re n t  forms of 
behaviour seem to  have been e a s i ly  d is tin g u ish ab le  from each o th e r in  most 
in s tan ce s  although i t  i s  f a i r l y  c le a r  from the mechanism in d ic a ted  in  
f i g ,  2.17 th a t  the two forms are  extremes and, depending.on the p a r t ic le  
s iz e  and po in t d e fec t co n cen tra tio n , one would expect o ccasio n a lly  to  see 
in term ed ia te  forms of behaviour. I t  i s  known th a t  Hennig in v e s tig a te d  
th i s  p a r t ic u la r  aspect using c a ta ly t ic  ox idation  combined w ith  d eco ra tio n  
[84] although l i t t l e  of the work was ever pub lished . Hennig supposed 
th a t  on c ry s ta ls  w ith only a low d efec t con cen tra tio n  compared w ith  the 
c a ta ly s t  p a r t ic le  s iz e  channels would become deeper along t h e i r  le n g th .
a
52
In  the uncatalysed re a c tio n , i t  i s  re c a lle d , the recess io n  of m ultip le  
la y e r  s teps has been found to  be much f a s t e r  than the recess io n  of the 
s in g le  la y e r  s tep s  of expanded vacancies* In  o rder to  account f o r  the 
double s tep s  found in  the wake of a channel formed by gold on a l ig h t ly  
i r r a d ia te d  c ry s ta l  ( r e f .  [84], f i g .  3 1 ) a s im ila r  d iffe ren ce  has to  be 
postulated fo r  the ca ta ly sed  re a c tio n .
A fte r  a channel has been formed, uncatalysed ox idation  can take place 
a t  the channel s id es  causing i t  to  widen. Thus channels tend to  be 
tap e red . Hennig used th is  to  compare the ra te s  of uncatalysed  and c a ta ­
ly sed  ra te s  a t  sev era l tem peratu res. I f  both re ac tio n s  show an Arrhenius
type dependence on tem perature, then  the r a t io  of the r a te s ,  k /k u , can be 
expressed by:
k / k  = A /A exp[(E -  E )/RT] (2 .29)c u c u u c
where (E -  E ) i s  the d iffe ren ce  in  a c tiv a tio n  energy between uncatalysed
‘ ^  ^ *| 
and .catalysed  re a c tio n s , which Hennig found to  be ~ 35 kcal.m ole~ [8 1 ].
/ ~8 The r a t io  of the p re-exponen tia l f a c to rs ,  Aq/A^9 was about 10 so th a t
the two ra te s  could be expected to  be equal a t  a tem perature c lo se  to  
840 K. A s im ila r  comparison was made fo r  ra te s  perpend icu lar to  the 
b asa l plane using p i t  shapes, though what use should be made of the  in fo r ­
m ation in  the con tex t of f i g .  2.17 i s  not easy to  determ ine. Hennig 
[41,80] and o thers[83 ,85 ,86] have found th a t  channels are  freq u e n tly  
s tr a ig h t  and o rie n ta te d  in  p a r t ic u la r  c ry s ta llo g rap h ic  d ire c t io n s .  In  
d iy  oxygen gold forms channels, ex c lu s iv e ly  p a r a l le l  to  <1120> d ire c tio n s  
and in  wet oxygen p a r a l le l  to  <1010> d ire c t io n s [8 0 ], Hennig a lso  found 
th a t  s i lv e r  formed channels o r ie n ta te d  ex c lu siv e ly  p a r a l le l  to  <1010> 
d ire c tio n s  independent of the dryness of the g as[41 ], although Thomas 
found no p re fe rred  o r ie n ta tio n  fo r  s i lv e r  c a ta ly s ts [1 0 ] . Hennig has 
a t t r ib u te d  th i s  p re fe rred  o r ie n ta tio n  to  an an iso tro p y  of re a c tio n  r a t e s .  
His argument was[80] " i f  the ca ta ly sed  ox idation  a t  the ( c a ta ly s t /g ra p h ite )  
in te r fa c e  i s  f a s t e r  in  c e r ta in  c ry s ta llo g ra p h ic  d ire c tio n s , the r e s u l t in g  
motion which m ain tains the maximum con tac t a rea  between p a r t ic le  and 
g ra p h ite , and thus the channel d ire c tio n  w il l  be perpend icu lar to  one of 
the d ire c tio n s  of f a s t e s t  ox ida tion  ( f ig .  2 .1 8 )" .
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f i g .  2.18 I le n n ig 's  ru le  f o r  the  d ir e c t io n s  of h ig h e s t r e a c t iv i ty  
from th e  d i r e c t io n  of channel p ro p ag a tio n .
P a r t i c le s  p rop ag a tin g  channels o r form ing p i t s  a re  o c c a s io n a lly  found to  
be fa c e te d , f i g .  2 .1 9 , and the  o r ie n ta t io n  of the  f a c e ts  can a ls o  be used 
to  o b ta in  the  form of the  a n iso tro p y  of re a c t io n  r a te s  by an e x te n s io n  of
f ig .  2.19 F aceting  of a gold p a r t ic le
Thomas' arguments r e la t in g  to  the  o r ie n ta t io n  of hexagonal e tch  p i t s  in  
the  un ca ta ly sed  r e a c t io n  ( £ 2 . 6 ) .  These argum ents made no assum ptions 
reg a rd in g  the  mechanism by which carbon atoms a re  detached  from p rism a tic
A
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faces  and so in  the absence of any o th e r c o n s tra in t on the equ ilib rium  
p i t  shape the ca ta ly sed  re a c tio n  would be expected to  produce p i t s  bounded 
by the lower r e a c t iv i ty  faces# The most obvious c o n s tra in t i s  the f a c t  
th a t  the c a ta ly s t  i s  a condensed phase and would be requ ired  to  be f lu id  
enough to  occupy a p i t  of the equ ilib rium  s iz e .  In  f a c t  most c a ta ly s ts  
do seem to  be extrem ely f lu id  a t  the p a r t ic le  s ize  u su a lly  studied[85,*573 • 
M elting due to  the h ea t of re a c tio n  has been suggested as an exp lanation  
of th is [8 7 ]  although s tu d ie s  of iso therm al systems show s im ila r  
behaviour fo r  sub-micron p a r t ic le s [88] # Thomas and Roscoe were the
f i r s t  to  apply th i s  second ru le  to  the boron ca ta ly sed  reac tio n [8 9 3 • 
U nfortunately , the f a c t  th a t  in  th i s  case the ca ta ly sed  re a c tio n  i s  slower 
than  the .uncatalysed re ac tio n  led  them in to  a c i r c u la r  argument and they 
concluded th a t  the d ire c tio n s  of h ig h est r e a c t iv i ty  are  p e rp en d icu la r to  
the  p i t  s id e s , in s te a d  of p a ra lle l#  Even in  th is  case the ru le  i s  
ex a c tly  the same as fo r  the uncatalysed  re a c tio n  since the comparison of 
uncatalysed  and ca ta ly sed  ra te s  i s  no t necessary  to  derive the r u le ,  
F aceting  has a lso  been observed w ith  palladium  by Fiyer[87 3, vanadium by 
Hennig (ref#  [803, fig#  13) and platinum  by Hedley[853. I t  i s  p o ssib le  
th a t  fa c e tin g  could occur fo r  o th e r reasons, e p i ta x ia l  c r y s t a l l i s a t io n  of 
the p a r t ic le  f o r  example, which must be d is tin g u ish e d . With in  s i t u  
microscopy methods th i s  i s  not d i f f i c u l t  but w ith p o s t- re a c tio n  microscopy 
i t  may be . The face ted  p a r t ic le  in  f i g .  29 of reference  [843 i s  probably 
an e p ita x ia l  c i y s t a l l i t e  as in d ica te d  by the presence of fa c e ts  on both 
the lead ing  and t r a i l i n g  faces of the  p a r t ic le .  I t  i s  no t p o ss ib le  to  
compare r e s u l ts  obtained using the  two ru le s  f o r  most published work 
because in  very  few cases have the o r ie n ta tio n  of fa c e ts  been g iv en .
A lso, in  H ennig 's e a r ly  work h is  unconventional use of the b rack e ts  f o r  
M ille r  in d ices  p laces some doubt on the conclusions which he drew. 
Hedley[853, though, has provided m icrographs showing s t r a ig h t  channels 
and face ted  p a r t ic le s  on ad jacen t reg ions of a c ry s ta l  in  the platinum  
ca ta ly sed  reaction#  The channels were p a r a l le l  to  the fa c e ts  and a p p li­
c a tio n  of the two ru le s  thus give c o n f lic tin g  r e s u l ts ;  H ennig 's ru le  
g ives <10T0> as the d ire c tio n s  of h ig h est r e a c t iv i ty  and the ex ten s io n  of 
Thomas* ru le  <1120>. Of the two ru le s ,  H ennig 's seems to  be the  one v/ith 
the most obvious weakness; f ig u re  2 .18, from which the  ru le  i s  d eriv ed ,
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rep re sen ts  an u nstab le  s i tu a t io n .  I f  con tac t between the p a r t ic le  and 
g rap h ite  were l o s t ,  c a ta ly t ic  re a c tio n  a t  those p a r ts  of the in te r fa c e  
which s t i l l  remained would qu ick ly  enable the p a r t ic le  to  catch  up, since 
when channels a re  formed the ca ta ly sed  rea c tio n  i s  f a s t e r  than the uncata­
lysed  re a c tio n . M edley's work a lso  in d ic a te s  th a t  th e re  i s  a lower s ize  
l im i t  fo r  fa c e t form ation on p a r t ic le s  and i t  i s  the sm a lle s t, round, 
p a r t ic le s  which propagate the s t r a ig h te s t  channels. Before th i s ,  some 
d i f f i c u l ty  had been experienced w ith H ennig 's ru le  by Thomas in  h is  study 
of molybdenum c a ta ly s ts  v/here channels are  o ccasionally  found w ith sec­
tio n s  a ligned  in  both s e ts  of d ire c t io n s .  I t  i s  suggested th a t  H ennig 's 
ru le  i s  not v a lid  as a means of determ ining the form of the an iso tropy  
of re a c tio n  r a te s .
As w ell as high co n cen tra tions of po in t d e fe c ts , emergent screw d is ­
lo c a tio n s  can i n i t i a t e  the form ation of p i t s .  Thomas and Roscoe have 
used molybdenum and boron in  wet oxygen as a means of es tim atin g  the 
d en s ity  of screw d is lo c a tio n s  in  s in g le  c ry sta lsC 9 0 ]. There i s  evidence 
to  suggest th a t  p i t s  due to  p o in t d e fec ts  may o ccasio n ally  be sp ira l[8 0 ]  
and some d i f f i c u l ty  in  d is tin g u ish in g  between the two kinds of p i t t in g  
behaviour i s  l ik e ly  to  be encountered where both occur.
The d e a c tiv a tio n  of iro n  group m etals due to  oxide form ation and 
subsequent r e a c tiv a tio n  on treatm ent w ith CO has been observed by Thomas 
[1 0 ], The chemical com position of c a ta ly s ts  and i t s  r e la t io n  to  a c t iv i ty  
was stud ied  by McKee[833. Thermogravimetry and X-ray d if f r a c t io n  were
used to  study c a ta ly s t  com position and o p tic a l microscopy to  study c a ta ­
l y s t  a c t iv i ty .  The r e s u l ts  obtained are not e n t i r e ly  c o n s is te n t w ith  
the  r e s u l ts  obtained by o th er workers, zinc and gold were found to  be in ­
a c tiv e  although both these had p rev iously  been shown to  be a c t iv e [3 2 ,8 0 ]. 
By and la rg e , a c tiv e  c a ta ly s ts  tended to  be those reducib le  to  low er 
oxides or the m etal on the g rap h ite  su rfa ce .
Scanning e le c tro n  microscopy s tu d ie s  of b la s t  furnace cokes[$)l] and 
p o ly fu rfu ry l a lcoho l c a r b o n s [ 9 2 ]  give r e s u l ts  which, w h ils t extrem ely 
d i f f i c u l t  to  in te rp r e t  in  d e ta i l ,  are  e n t i re ly  c o n s is te n t w ith those of 
o th e r microscopy s tu d ie s , allow ing fo r  the d iffe re n c e  in  s tru c tu re  of the 
carbon. One f in a l  r e s u l t  which should be mentioned although i t  does not
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s t r i c t l y  f a l l  w ith in  the scope of th is  review; th is  i s  a study of the 
e f fe c t  of iro n  on the rea c tio n  of g rap h ite  v/ith atomic oxygen[93^1 •
Atomic oxygen f re e ly  e x tra c ts  atoms from b asa l plane su rfaces  in  the 
absence of i ro n .  Iro n  in h ib i ts  th i s  p rocess, m anifested by the forma­
t io n  of h illo c k s  on the surface each h il lo c k  capped by an iro n  p a r t i c le .  
This must su re ly  deny d is so c ia tio n  of the gas as a major ra te  determ ining 
process in  the c a ta ly s is  of the re a c tio n  in  m olecular oxygen. This 
would be c o n s is te n t w ith the c lo se  s im ila r i ty  of a c tiv a tio n  en erg ies  f o r  
the ca ta ly sed  re a c tio n  in  Og and N 0 [5 5 ].
T h e r e  h a v e  b e e n  n o  e l e c t r o n  o r  o p t i c a l  m i c r o s c o p y  s t u d i e s  o f  t h e  
a l k a l i  m e t a l s  a s  c a t a l y s t s  i n  c a r b o n  o x i d a t i o n  r e a c t i o n s .
fi
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CHAPTER 3 
ELECTRON MICROSCOPY
3.1 In tro d u c tio n  '
The e le c tro n  microscope i s  now the most im portant instrum ent used in  
the  study of systems in term ed iate  in  s iz e  between the m olecular and the 
m acroscopic. The combined use of high re so lu tio n  transm ission  micro­
scopes and scanning microscopes now enable th i s  e n t ire  range to  be covered. 
Since the examination of th in  specimens of m etals and o th e r so lid s  
d i r e c t ly  by transm ission  microscopy became p o ssib le  in  the l a t t e r  h a lf  of 
the 1950fs th e re  has been a g re a t deal of a t te n t io n  paid to  techniques fo r  
m anipulating the specimen w ith in  the m icroscope. I n i t i a l l y  th i s  only 
involved ro ta tio n  and t i l t i n g  of the specimen but now i t  i s  p o ss ib le , w ith 
the app rop ria te  s tag e C l], to  examine specimens a t  high and low tem peratures, 
under s t r a in ,  in  gas atmospheres and under i r r a d ia t io n .  Of sp e c ia l 
i n te r e s t  to  the chem ist i s  the recen t development of techniques by which 
re a c tio n s  between s o lid s  and gases can be s tu d ied , as  they occur, w ith in  
the e le c tro n  microscope; the so -c a lle d  "C ontrolled Atmosphere E lec tro n  
Microscopy" technique (CAEM)[2 ] ,
3 .2  Transm ission E lec tron  Microscopy a t  100 kV
3.2 ,1  Microscope C onstruction
Any e le c tro n  microscope c o n s is ts  of an e le c tro n  gun, an assembly of 
e le c tro n  le n se s , a viewing system, pumping system and v arious dev ices f o r  
m anipulation of the  specimen. The d if fe re n t  kinds of e le c tro n  m icroscope, 
scanning, tran sm issio n , r e f le c t io n ,  d i f f e r  mainly in  the method of image 
form ation . Here we are  p r in c ip a lly  in te re s te d  in  the Japan E lec tro n  
O ptics L td . JEM 7A transm ission  m icroscope. The arrangement of the 
components in  the  JEM 7A i s  shown in  f i g .  3.1* The d isp o s itio n  of the  
components i s  c lo se ly  analogous to  th a t  in  the l ig h t  microscope except 
th a t  in  the analogy the l ig h t  microscope i s  in v e r te d , i . e .  the viewing 
system i s  below the specimen and the illu m in a tio n  system above.
The e le c tro n  source i s  a  ho t tungsten  h a irp in  filam en t housed w ith in  
a  ca th o d e-sh ie ld  a p e r tu re . The anode ap ertu re  i s  a t  e a r th  p o te n t ia l .
In  the JEM 7A the cathode p o te n tia l  may be 50, 80 o r .100 kV .~  The le n se s
* '
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condenser len s  1
condenser len s  2
ob jec t
o b jec tiv e  len s
c o n tra s t
ap e rtu re
f ie ld
lim itin g
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in term ed ia te  len s
p ro je c to r  len s
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a
Hay paths in  the e le c tro n  microscope in  (a) conven tional 
mode and (b) d if f r a c t io n  mode.
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are  e lectrom agnetic . A double condenser system i s  used, the f i r s t  len s  
produces a reduced image of the source and the second i s  ad justed  to  give 
proper in te n s i ty  of illu m in a tio n . The image form ation by the o b jec tiv e  
le n s  i s  s im ila r  to  th a t  in  the l ig h t  microscope but th ere  are  some 
im portant p ra c t ic a l  d if fe re n c e s . No convention e x is ts ,  fo r  example, 
regarding  the d is tan ce  from the image p r in c ip a l plane a t  which the image 
i s  produced (un like the l ig h t  m icroscope). Furtherm ore, the optimum 
angu lar ap e rtu re s  in  the e le c tro n  microscope subtend only very sm all angles 
5 x 10~^ to  2 x 10“2 rad ians compared to  70° to  80° in  the l ig h t  m icro­
scope. This i s  la rg e ly  because e le c tro n  len ses  cannot be co rrec ted  fo r  
sp h e ric a l ab e ra tio n  (an a x ia l ly  symmetrical e le c tro n  len s  must be conver- . 
g e n t) .  The f in a l  image i s  formed in  two s ta g e s . The f i r s t  in te rm ed ia te  
image provided by the o b jec tive  le n s  i s  m agnified by a  weak le n s , the 
in term ediate  le n s ,  to  produce a second in term ediate  image. This i s  
m agnified by the p ro je c to r  le n s  to  produce the f in a l  image. Focus i s  
achieved, not by r e la t iv e  motion of the o b jec tive  len s  and specimen as in  
the l ig h t  m icroscope, but by a change in  the fo c a l len g th  of the o b jec tiv e  
le n s .  A d iffe ren ce  which i s  im portant because i t  in troduces a p o ssib le  
source of e r ro r  in  the m agn ifica tion  c a l ib ra t io n  i f  the p o s itio n in g  of the 
specimen i s  not a ccu ra te ly  rep ro d u c ib le . The f in a l  image must be con­
v e rted  to  a v isu a l form. Permanent records are u su a lly  obtained by 
exposure of a photographic p la te  and in stan taneous im pression obtained  by 
means of a f lu o re sc en t screen .
3 .2 .2  Image form ation . C ontrast and Selected  Area D iffra c tio n
C ontrast in  the e le c tro n  microscope image i s  produced by s c a t t e r  of 
e le c tro n s  by the specimen from an in c id e n t beam of i n i t i a l l y  uniform  
in te n s i ty .  In  c ry s ta l l in e  m a te ria ls  s c a tte r in g  occurs by Bragg d i f f r a c ­
t io n  a t  c ry s ta l  p lanes in  the c r y s ta l .  The d if f r a c te d  beams t r a v e l  a t  a 
sm all angle (o f the o rder of 1°) w ith  re sp ec t to  the in c id e n t beam and are  
focussed by the o b jec tiv e  to  produce a d if f r a c t io n  p a tte rn  on i t s  back 
fo c a l p lan e . A ’’b r ig h t f i e l d ” image i s  produced by in s e r t io n  of an 
ap e rtu re  in  the  o b jec tiv e  len s  to  prevent in c lu s io n  of the d if f r a c te d  
beams in  the f in a l  image. This image th e re fo re  con ta in s only the  d i r e c t  
beam and any low angle e la s t i c a l ly  s c a tte re d  e le c tro n s . C on trast i s  
produced by the d iffe ren ce  in  in t e n s i t i e s  a t  which e lec tro n s_ a re  s c a tte re d
65
by the specimen in to  Bragg re f le c t io n s  from the in c id en t beam. This i s  
termed " d if f ra c tio n  c o n tra s t" .  Typical ap ertu re  s iz e s  used are  20 yim to  
100 pm. I f  the ap e rtu re  i s  d isp laced , o r  the illu m in a tio n  t i l t e d ,  a 
f in a l  image can be produced con tain ing  only the s c a tte re d  in te n s i ty  in  one 
d if f ra c te d  beam. This image can be very inform ative and i s  re fe rre d  to  
as the  "dark f ie ld "  image.
I t  i s  u su a lly  po ssib le  (w ith modem instrum ents by the f l i c k  of a
sw itch) to  reduce the s tren g th  of the in term ediate  le n s  so th a t  the back
fo c a l plane of the o b jec tiv e  i s  focussed on the viewing sc reen . This
enables observation  of the d if f r a c t io n  p a tte rn  a sso c ia ted  w ith th a t  p a r t
of the specimen under exam ination. The p a r t ic u la r  a rea  of the specimen
to  be examined i s  se le c ted  using  movable ap ertu re  b lades a t  the o b jec tiv e
2fo c a l p lane . T yp ica lly  the  a rea  se le c ted  may be about 1 pm .
3 .2 .3  C a lib ra tio n  of the Microscope
There are  two im portant param eters to  be c a lib ra te d  in  the e le c tro n  
microscope; the m agn ifica tion  and the r e la t iv e  ro ta tio n  of the d i f f r a c t io n  
p a tte rn  and f in a l  image. There are  two accurate  methods of m agn ifica tion  
c a l ib r a t io n .  One i s  to  use a r e p l ic a  of a machined g ra tin g  of known 
spacing, which i s  su ita b le  f o r  low and in term ediate  m ag n ifica tio n s . The 
o th e r uses the d ire c t  re so lu tio n  of c ry s ta l  l a t t i c e s  of known spacing , 
e .g .  platinum  ph thalocyan ine[2 ]. The microscope used in  th is  work was
c a lib ra te d  by the f i r s t  of th e se . The c a l ib ra t io n  of the ro ta tio n  of the
image w ith  re sp ec t to  the d if f r a c t io n  p a tte rn  can a lso  be made in  sev e ra l 
ways. The most dependable i s  to  o b ta in  both the image and the d i f f r a c t io n  
p a tte rn  of a c ry s ta l  f o r  which the h a b it  planes can be indexed. F or th i s  
work a molybdenum tr io x id e  c ry s ta l  was used. This can be produced as 
f in e  pseudo-orthorhombic needles w ith  s id es  p erpend icu lar to  [100] by 
h ea tin g  ammonium molybdate in  a i r  in  a h a lf  c losed  c ru c ib le . This was 
done and the superimposed d i f f r a c t io n  p a tte rn  and image used to  determ ine 
the angular displacem ent, 0 .
3 .3  C ontro lled  Atmosphere E lec tro n  Microscopy
3,3 .1  In tro d u c tio n
There are  many a reas  of chemical in v e s tig a tio n  in  which i t  i s  advan­
tageous to  be ab le  to  study systems continuously  a t  very  h igh_m agnifications
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during a re a c tio n . The more ro u tin e  e le c tro n  microscope procedures of 
p o s t- re a c tio n  exam ination o ften  f a i l  to  provide s u f f ic ie n t  in form ation  fo r  
a complete understanding of the re a c tio n  being stud ied  i t  i f  i s  bo th  rap id  
and com plicated. In  p a r t ic u la r ,  the  importance of t r a n s i to ry  fe a tu re s  
and chronology o ften  do not become c le a r  u n t i l  a f t e r  the exam ination of 
veiy  la rg e  numbers of m icrographs. The rea c tio n  of so lid s  w ith  gases i s  
one such f i e ld .  Stages which enable specimens to  be examined a t  high 
tem peraturesC l] and o thers  to  enable specimens to  be viewed in  gas atmos­
p h e r e s ^ ^ , 5] have been a v a ila b le , and in  f a i r l y  common use, f o r  some 
tim eC l]. The simple expedient of in je c t in g  a  gas in to  the microscope 
column a t  some p o in t c lose  to  the  p o s itio n  of a heated specimen has 
enabled q u a li ta t iv e  s tu d ie s  to  be made in  some low pressure  system sC 6,7]. 
To make q u a n tita tiv e  s tu d ie s  or to  study high p ressu re  systems (> 100 Pa) 
i t  i s  necessary  to  combine the design  fe a tu re s  of high tem perature s tag es  
and gas s tages in  a s in g le  u n i t .  Several such s tages have been designed 
[8 ,9 ,1 0 ] but in  a l l  bu t a very few cases i t  i s  im possible to  a sse ss  the 
m erits  of in d iv id u a l s tages because too l i t t l e  work using them has been 
d esc rib e d [8 ,9 ,1 1 ]. By f a r  the most successfu l h igh tem perature con­
t r o l le d  atmosphere attachm ent i s  th a t  developed by Hashimoto and co- 
w orkers[12 ,13,14] • This i s  now commercially av a ila b le  and i s  marketed 
by JEOLCO and i s  the one used in  the s tu d ie s  to  be described  h e re .
3 .3 .2  The Gas Reaction C ell and Stage
The gas re a c tio n  c e l l  and s tage developed by Hashimoto and co-workers 
[14] are  shown schem atically  in  f i g .  3 .2 . The s tag e , made m ainly of 
b ra ss , i s  permanently a ttached  to  the specimen t ra n s la te  mechanism of the  
m icroscope. The c e l l  i s  s te e l  and i s  in se r te d  in to  the stage through an 
a ir lo c k  in  a s im ila r  way to  a conventional specimen h o ld e r . When i t  i s  
in  p lace the c e l l  s e a ts  on two neoprene ’O’ rin g s  so producing an an n u lar 
channel between the  c e l l  and s ta g e . The c e l l  i s  in  two p a r ts ,  the  c e l l  
body proper and a top cap. When the top cap i s  in  place i t  enc loses a 
c y lin d r ic a l  volume 13 mm in  d iam eter and ~ 1 mm th ic k  in  which the sp ec i­
men i s  mounted. Two sm all platinum  ap e rtu re s , one in  the top cap and one 
in  the c e l l  body are  mounted on the c y lin d r ic a l  ax is  to  allow  passage of
V ‘ '
the electron-beam  through the specimen volume and are  seated  on te f lo n  
r in g s .  A te f lo n  r in g  a lso  se a ls  the top cap to  the c e l l  body so th a t  the
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gas leak s  from the specimen volume to  the microscope column only through 
the apertu res*  Gas gains access to  the annular channel between the c e l l  
and stage through a duct in  the stage and passes from th ere  to  the sp ec i­
men volume through a  duct in  the c e l l  body. The stage i s  w ater cooled .
The specimen i s  mounted over a hole 300 pm in  diam eter in  a m etal 
h e a te r  ribbon clamped across a mica r in g , f i g .  3 .3 . A p latinum /platinum  
13$ rhodium thermocouple i s  spot welded to  the h e a te r  ribbon c lo se  to  the 
h o le . This specimen h e a te r  assembly i s  a ttached  by fo u r s te e l  screws to  
fo u r  e le c t r i c a l ly  conducting s te e l  p i l l a r s  in  the body of the c e l l .  The 
p i l l a r s  are  sealed  in to  and in su la te d  from the c e l l  body by PTBE packing. 
They pass through the c e l l  body and a t  the back of the c e l l  connect to  
fo u r  sp ring  connectors which, when the c e l l  i s  in  p lace , lo c a te  in to  fo u r 
lu g s  on the s ta g e . These ca rry  lead s  to  e le c t r i c a l  supply and measuring 
in stru m en ts.
3 .3 .3  M odifications to  the Microscope
Maintenance of a column vacuum b e t te r  than 1.3 mPa re s id u a l p ressu re  
i s  requ ired  fo r  operation  of the m icroscope. The main m anifold, i l lu m i­
n a tio n  system and viewing system are  pumped by a th re e  s tage  o i l  d if fu s io n  
pump f i t t e d  w ith  a l iq u id  n itro g en  tra p  and backed by a  ro ta ry  pump. The 
specimen chamber, the e f fe c tiv e  volume of which i s  in d ica ted  by the broken 
l in e  in  f i g .  3 .4 , i s  pumped by an a u x il ia iy  pumping system c o n s is tin g  of a  
high speed ro ta ry  pump and a th re e  stage o i l  d iffu s io n  pump. The normal 
pumping p o rt to  the specimen chamber i s  blanked o ff  a t  A ( f ig .  3 .4 ) .  An 
ap ertu re  in  the beam compensator a t  B r e s t r i c t s  the leakage of gas in to  
the  illu m in a tio n  system, f i g .  3 .2 . A second ap ertu re  over the wide bore 
o b jec tiv e  po le-p iece  r e s t r i c t s  the access of gas in to  the  viewing system .
A 20 mm diam eter hole has been cu t in  the f lu o re sc e n t viewing sc reen , 
C. The cen tre  p a r t  of the e le c tro n  beam passes through the hole and 
s t r ik e s  a  transm ission  phosphor on a  secondary screen , D, which i s  viewed 
by a plumbicon te le v is io n  camera. An a u x il ia ry  s h u tte r ,  E, i s  used f o r  
conventional p la te  photography, and. to  p ro te c t the camera during alignm ent 
of the microscope column and when the  microscope i s  used in  the d i f f r a c t io n  
mode.
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3*3*4 G-as P ressures
The gas i n l e t  to  the stage i s  connected by f le x ib le  tubing to  a 
three-way stopcock in  the microscope wall* This stopcock i s  connected to  
a wide bore pipe where the p ressure  i s  measured on b aro m etrica lly  compen­
sa ted  gauges of the capsule type covering the ranges 0-5*3 kPa and 0-13*3 
kPa. The maximum operating  p ressu re  in  the c e l l  i s  dependent on the a rea  
of the ap ertu res  in  the c e l l  and top cap, the pumping speed of the 
a u x il ia ry  pumping system, the m olecular s ize  of the gas is su in g  from the 
c e l l  and whether the gas confin ing  ap ertu re  over the ob jec tiv e  p o le -p iece  
i s  in  place* This l a s t  ap ertu re  i s  o ften  om itted in  o rder to  in c rease  
the s ize  of the a rea  of d if f r a c t io n  p a tte rn  a v a ila b le . With 70 jjrai aper­
tu re s  in  the c e l l  and om itting  the ob jec tiv e  gas confin ing  a p e r tu re , the 
maximum p ressu res  are  about 1.2 kPa f o r  H^, 3*3 kGPa fo r  0^ and 10.6 kPa 
f o r  COg* I f  the ap ertu re  i s  in se r te d  these can be increased  n e a rly  two­
fo ld .
3*3*5 Temperature* Measurement
As the  thermocouple i s  not in  co n tac t w ith the  specimen but i s  lo c a te d  
beside i t  and since the e f fe c tiv e  cold ju n c tio n  i s  in s id e  the c e l l ,  the  
thermocouple e .m .f . has to  be c a lib ra te d  ag a in s t known m elting  p o in ts  o r 
known tran sfo rm atio n s . This was c a rr ie d  out by the m anufacturers and i s  
checked p e r io d ic a lly , u su a lly  w ith  aluminium (m elting p o in t 933 K). The 
h e a te r  cu rren t requ ired  to  give a p a r t ic u la r  tem perature has a lso  been 
determined f o r  sev e ra l gases a t  sev e ra l d if f e re n t  p re ssu re s . Such a 
c a l ib ra t io n  i s  shown in  f ig .  3.5 fo r  oxygen. These c a l ib ra t io n s  a re  
c a r r ie d  out fo r  two purposes; f i r s t l y  so th a t  in  the event of a thermo­
couple f a i lu r e  the experiment may s t i l l  be continued and secondly as a 
means of s e tt in g  up standard p ressure  cond itions under which to  c a rry  out 
experim ents to  minimise experim ental e r ro r .  The tem perature d is t r ib u t io n  
in  a  platinum  h e a te r  in  a i r  a t  100 kPa has been determined a t  two tempera­
tu re s  using a "Pyrowerke" o p tic a l d isappearing  filam en t m icropyrom eter, 
f i g .  3*6. There are  two fe a tu re s  to  no te:
i*  The tem perature p ro f i le  along the h e a te r  i s  f a i r l y  uniform  
(+ 30 K a t  1250 K) in  the reg ion  of the hole but begins to  f a l l  o f f  ra p id ly  
beyond -  1 mm from the  h o le .
X .
see fig*  3*2
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f i g ,  3*4* Schematic rep re se n ta tio n  of microscope and a s so c ia ted  
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i i .  The tem perature around the hole i s  no t uniform but the ribbon
i s  h o t te r  where i t  i s  narrow est and th ere  i s  a cool spot where the thermo­
couple i s  attached*
The presence of the tem perature g rad ien ts  does no t m anifest i t s e l f  in  the 
microscope image because the f i e ld  of view i s  so sm all, about 50 to  70 p i  
across* There i s  an u n c e rta in ty , however, in  the abso lu te  tem perature 
in  the f ie ld  of view because i t  i s  no t po ssib le  to  accu ra te ly  reproduce 
the alignm ent of the specimen on i t s  h e a te r  w ith re sp ec t to  the ap e rtu re s  
in  the  c e ll*  In  the most unfavourable circum stances th is  could be as
high as  + 20 K a t  1000 K.
During an experiment the specimen i s  heated from two fu r th e r  sources; 
the  e le c tro n  beam and the energy from chemical re a c tio n s  occurring  on the 
specimen surface* The e lec tro n  beam heating  e f fe c t  i s  c u rre n tly  the  most 
se rio u s  unknown in  the CAEM techn ique . Although i t  i s  p o ssib le  in  s u i t ­
ab ly  designed experim ents to  estim ate  i t [ l5 ,1 6 ]  the methods are  no t y e t 
g en e ra lly  a p p lic a b le . I t  can be kept to  a minimum by low beam in te n s i t i e s ,
c a re fu l p o s itio n in g  of the specimen so th a t  the beam does no t s t r ik e  the
edge of the hole in  the h e a te r [ l5 ]  and, in  the case of p a r t ic u la te  m ater­
i a l s ,  by using support film s w ith  a h igh  therm al conductiv ity*  The hea t 
generated  by chemical means i s  ca lcu lab le  i f  the r a te  of re a c tio n  and 
enthalpy  change are  known. Whether th i s  i s  l ik e ly  to  ra is e  the  specimen 
tem perature s ig n if ic a n t ly  i s  determined in  the f i r s t  in stan ce  by compari­
son of the ra te  of energy supply w ith  the lo sse s  due to  ra d ia tio n C l7 ]•
3*3*6 C om patib ility  ’
The m a te ria l se le c ted  fo r  the h e a te r  depends on the system being 
s tu d ie d . The most g en era lly  s u ita b le  i s  platinum  fo r  use below 1300 K. 
Both platinum  and tantalum  h e a te r  assem blies are  a v a ila b le  from JEOLCO l t d .  
Tantalum h ea te rs  may only be used in  reducing atm ospheres. Care must be 
taken  to  prevent d if fu s io n  of m etals onto the specimen a t  h igh  tem p era tu res . 
Two commonly met contaminant m etals are  z in c , which was found to  be t r a n s ­
p orted  from b rass  components in  the e a r ly  designs of h e a te r  assem bly, and 
p latinum , which v o la t i l i s e s  from the  h e a te r  ribbon as PtO^ClS] a t  > 1300 K. 
These d iffu s io n  e f fe c ts  can be e lim inated  by coating  the h e a te r  w ith  a 
vacuum evaporated 50/50 -  Si/SiO^ m ix tu re . This f ilm  too becomes v o la t i l e ,
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however, i f  the p a r t ia l  p ressu re  of oxygen i s  very  low (when ftOg forma­
t io n  does no t occu r).
P a r tic u la te  m a te ria ls  have to  be mounted on a support f ilm  which must 
be compatible w ith  the h e a te r , the p a r t ic le  and the  gas atm osphere. A 
number of these are  now availab leC 193.
3.3*7 Operation
In  conventional use the JEM 7A microscope has a guaranteed re so lu tio n  
of 0 .4  nm. The use of the gas re a c tio n  stage n e c e s s ita te s  the use of a  
wide bore o b jec tive  p o le -p ie ce . This reduces the re so lu tio n  to  1.2 nm.
In  p ra c tic e  the re so lu tio n  i s  l im ite d  to  about 3 .0  nm in  the presence of 
a gas and using  the video system f o r  image reco rd in g . During an ex p eri­
ment^ continuous realignm ent of the beam and the ob jec tiv e  ap ertu re  are  
necessary  because of the d e f le c tio n  of the beam by the h e a te r  c u r re n t .
This makes the achievement of the very  high re so lu tio n  d i f f i c u l t  a ls o .
The presence of the gas does no t appear to  d e le te r io u s ly  a f f e c t  the 
microscope except to  reduce the filam en t l i f e  and o ccasionally  to  produce 
d ep o sits  on the o b jec tive  s tigm ator and ob jec tiv e  ap ertu re  which g ives 
r is e  to  lo c a l charging e f f e c ts .  I t  i s  necessary  to  keep the c e l l  in  a 
c lean  cond ition  p a r t ic u la r ly  to  prevent blockage of the a p e r tu re s . Wear 
and te a r  on the c e l l  i s  severe and sev era l m od ifica tions to  the Hashimoto 
design have been necessary  to  reduce i t . [20]
The output from the camera i s  recorded continuously  on video tape  and 
a permanent record  obtained by photography o r cinematography of the  video 
d isp la y . The transm ission  phosphor i s  prone to  t e a r  and develop h o les  i f  
the column i s  l e t  up to  a i r  very  freq u e n tly  and re q u ire s  freq u en t re p lac e ­
ment. The readings of gas p re ssu re , tem perature, h e a te r  c u r re n t,  magni­
f ic a t io n  and time are  supplied to  the audio tra c k  of the video tape 
re c o rd e r .
With the ap e rtu re  over the o b jec tiv e  po le-p iece  in  p lace only a  very  
lim ite d  d if f r a c t io n  p a tte rn  i s  a v a i la b le .  I f  th i s  ap ertu re  i s  removed 
i t  i s  u su a lly  p o ssib le  to  g e t an adequate p a tte rn  fo r  a n a ly s is  w ith  only 
a  sm all s a c r i f ic e  to  the maximum a tta in a b le  gas p re ssu re .
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I t  i s  e s s e n tia l  when loading  the specimen to  prevent contam ination 
of i t s  surface before the gas i s  adm itted , . This i s  most l ik e ly  to  occur 
i f  the l iq u id  n itro g en  le v e l in  the microscope pumping system i s  low and 
i t  i s  e s s e n tia l  to  keep the tra p  topped up. I t  i s  a lso  necessary  to  keep 
a  flow  of gas through the c e l l  a t  a l l  tim es i f  re a c tio n  s tu d ie s  on the
specimen have s t i l l  to  be c a rr ie d  o u t.
The moot ted ious p a r t of the technique i s  the alignm ent of the aper­
tu re s  in  the c e l l .  There are  sev era l methods. One i s  to  f ix  the c e l l  
on an o p tic a l microscope s ta g e f to  focus the microscope through the  aper­
tu re  in  the top cap onto the ap ertu re  in  the c e l l  and to  ro ta te  the top 
cap to  ob ta in  maximum l ig h t  tra n sm iss io n . The ap e rtu re s  them selves are  
d i f f i c u l t  to  see because of in te rfe re n c e  e f f e c ts ,  For th is  method i t  i s  
a b so lu te ly  e s s e n tia l  f o r  the c e l l  to  be mounted v e r t ic a l ly ,  A second 
method i s  to  hold the c e l l  a t  arm 's len g th  toward some b r ig h t l i g h t  and
view down the back of the c e l l  (the  upper end as i t  i s  mounted in  the
e le c tro n  m icroscope). The c e l l  i s  then slowly rocked about a l in e  between
the l ig h t  source and the eye. The top cap and the ap ertu re  in  the  c e l l
a re  ro ta te d  to  give maximum b rig h tn ess  in  the ap e rtu re s  when the c e l l  i s  
sym m etrically placed on th is  s ig h t l i n e .
F a ilu re  to  a t t a in  a reasonable gas p ressure in  the c e l l  i s  u su a lly
a t t r ib u ta b le  to  two f a u l ts ;  ( i )  leakage of gas from the specimen chamber
in to  the illu m in a tio n  system e i th e r  because the gas confin ing  ap e rtu re  in  
the beam compensator i s  loose or because a te f lo n  washer which should se a l 
the beam compensator in  the second condenser len s  was not rep laced  when the 
beam compensator was l a s t  removed; ( i i )  leakage from the c e l l  e i th e r  along 
the p i l l a r s  o r around a loose a p e r tu re . The ap e rtu re s  in  the c e l l  have a 
sm all te f lo n  sea lin g  washer which can be damaged during the ap e rtu re  a lig n ­
ment.
Once the c e l l  i s  in  the microscope the specimen must be lo c a te d .
This i s  c a rr ie d  out by sy s tem a tica lly  scanning the specimen using  the  
specimen t r a n s la te  mechanism and i s  made e a s ie r  i f  the o b jec tiv e  le n s  i s  
switched o f f .
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CHAPTER 4
A STUDY OP THE ZINC CATALYSED GRAPHITE-OXYGEN REACTION
In tro d u c tio n
Zinc i s  not a w ell known c a ta ly s t  in  g rap h ite  oxidation* McKee[1 ,2 ] 
found i t  to  have alm ost no e f fe c t  on the graphite-oxygen re a c tio n  in  h is  
thermogravimetry and o p tic a l m icro sco p y 's tu d ies . H eintz and ParkerC3] in  
t h e i r  bulk ox ida tion  s tu d ie s  found i t  to  be a weak c a ta ly s t  w ith  a  low 
a c tiv a tio n  energy (15*8 kcal.mole*" ) .
4 ,2  Experimental
4 ,2 .1  P rep ara tio n  of the G raphite
N atural s in g le  c ry s ta l  g rap h ite  was obtained from Ticonderoga, New 
York S ta te ,  The c ry s ta ls  were re lea sed  from the  pyroxene in  which they 
were embedded by the method described  by H ennig[4], They were f i r s t  
cleaved between g la ss  s lid e s  coated w ith "Durofix" polystyrene adhesive 
to  produce about a dozen "precleaves" p er c r y s ta l .  These were re le a se d  , 
from the s lid e  w ith  "Analar" acetone and were washed by suspension in  
acetone twice before being allowed to  dry on f i l t e r  p apers. The p re­
cleaves were mounted on g la ss  s l id e s  w ith  aqueous po lyv iny lpyrro lidone 
(PVP) adhesive. The PVP was allowed to  dry and the c ry s ta ls  f u r th e r  
thinned by s tr ip p in g  w ith "Scotch" ta p e . Successive la y e rs  were removed 
u n t i l  an o p tic a lly  tra n sp a ren t p o rtio n  remained a ffix e d  to  the s l id e .
The b es t e le c tro n  transm ission  specimens appeared grey ( ra th e r  than  brown) 
by tran sm itted  l i g h t .  The cleaved c ry s ta ls  were re leased  from the s l id e  
onto a c lean  w ater su rface  by p lac in g  the s l id e ,  c ry s ta l  uppermost, in  a 
p e t r i  d ish  and f i l l i n g  the d ish  w ith  w ater u n t i l  the meniscus touched the  
edge of the blob of PVP. A fte r  re le a se  the c ry s ta ls  were t ra n s fe r re d  to  
a f re s h  w ater su rface  and allowed to  f lo a t  around fo r  about 20 seconds ( i t  
was im portant to  keep the w ater moving a t  th i s  s tag e) to  wash o ff  the
re s id u a l PVP before they were picked up on sapphire p la te s .  They were
—Pheated  in  vacuo (5 x 10~ Pa) a t  1200 K f o r  20 m inutes and f in a l ly  f lo a te d  
onto w ater and qu ick ly  picked up on the microscope h e a te r  ribbons and 
d r ie d . I t 'w a s  found th a t  the re le a se  from the sapphire p la te  became 
d i f f i c u l t  un less  the p la te s  were f i r e d  in  a i r  a t  -  900 K from time to  tim e.
rt
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4 * 2 .2  A p p l i c a t i o n  o f  t h e  C a t a l y s t
A d isp e rs io n  of zinc was obtained by u ltra so n ic  a g i ta t io n  of granules 
of the  m etal in  acetone fo r  10-15 m inutes. One o r two drops of th is  
suspension were app lied  to  the g rap h ite  c ry s ta l  on the h e a te r  ribbon .
For th e  few experim ents in  which vacuum evaporated m etal was used a small 
fragment of zinc was vacuum sublimed a t  850 K from a tungsten  f o i l  onto 
the specimen a t  a  re s id u a l p ressu re  of 2.6 mPa. In  some e a r ly  experim ents 
the in tro d u c tio n  of zinc had been in ad v ert a n t .  During experim ents on 7
o s te n s ib ly  c lean  g rap h ite  c r y s ta l s ,a  contaminant which b u i l t  up on the 
specimen surface was l a t e r  traced  to  vapour tra n sp o r t of zinc from b rass  
components in  the specimen h e a te r  assembly. This was prevented l a t e r  by 
coating  the h e a te r  assembly w ith a vacuum deposited  50/50 Si/SiO^ f ilm .
4 .3  R esults
The vacuum evaporated zinc showed no c a ta ly t ic  a c t iv i ty  a t  a l l  and 
was g radually  lo s t  from the specimen through evapora tion . The zinc d is ­
persed in  acetone Vand the zinc which had been vapour tran sp o rted  in  oxygen 
both ca ta ly sed  the re a c tio n  in  2.6 kPa p ressure of oxygen and a t  1000 K, 
producing shallow channels in  the g rap h ite  b asa l p lan e . The channels 
could always be traced  back to  some d iscem ab le  s tep  o r edge of h e ig h t 
g re a te r  than or equal to  the depth of the channel, never l e s s .  The 
channels appeared to  be carved out of the g rap h ite  by the p a r t ic le  which 
each channel had a t  i t s  head. Once a  p a r t ic le  had begun to  cu t a 
channel i t  would continue to  propagate the channel fo r  a l l  the time th a t  • 
co n tac t w ith the fa ce -o f  the s tep  c o n s ti tu tin g  the  head of the channel 
could be m aintained. Loss of a c t iv i ty  by a p a r t ic le  occurred extrem ely 
r a r e ly .  I t  appeared th a t  co n tac t w ith  a p rism atic  face of g rap h ite  was 
e s s e n tia l  f o r  i n i t i a t io n  of a channel. This' i s  i l l u s t r a t e d  in  f i g .  4 .1 .
A p a r t ic le  has become iso la te d  in  a shallow w ell due to  i t s  having tu rned  
round to  cross  an e a r l i e r  p a rt of i t s  own channel ( a ) .  Meanwhile, un­
ca ta ly sed  a tta c k  on an ad jacen t s tep  ev en tua lly  opens up one s ide  of the 
w ell providing the p a r t ic le  w ith a new step  a t  which to  operate (b ) .
Even so , not u n t i l  the uncatalysed re a c tio n  has undermined the p a r t ic le  
(c) so th a t  co n tac t w ith the r i s e r  of the s tep  i s  made can, c a ta ly t ic  
a c t iv i ty  be regained (d ) • Channels were never observed to  g e t deeper 
along th e i r  len g th  on g rap h ite  of uniform  th ic k n e ss . I f ,  f o r  example,
ft
8 0
f i g ,  4,1 S tages in  the  resum ption of c a ta ly t ic  a c t i v i t y  of an 
i s o la te d  z inc  p a r t i c l e .
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f i g .  4 .2  V a ria tio n  of channel p ro p ag a tio n  r a te  w ith  d ep th .
(a ) Channel depth determ ined by su rface  r e l i e f  of 
c r y s t a l .
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f i g .  4 .2  (c o n t'd )
1o o  Propagation r a te s ,  in  nm.s*" , fo r  the channel shown in  ( a ) .  
In te n s ity  of shading in d ic a te s  h e igh t o f  c ry s ta l  su rface  
above channel bottom.
0.65 11.2 7.7 10.4 0.8
n j
(c) Cross se c tio n  from A to  B in  (b ) . A rb itra ry  v e r t ic a l  sca le  
F igures in d ic a te  channel propagation r a te s  in  nrn.s*^.
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a channel crossed a  reg ion  where i t  had prev iously  been a c tiv e  then  a t  
the crossing  po in t the c o n tra s t produced by each channel was the same.
The channels were i r r e g u la r  and were i r r e g u la r ly  o r ie n ta te d , although in  
a few, ra re , in s tan ce s  s tr a ig h t  sec tio n s  of channels were seen to  form 
60° tr ia n g u la r  p a t te rn s .
The ra te  of channel propagation a t  a given tem perature and p ressu re  
was determined by a n a ly s is  of a cine f ilm  taken of the video rec o rd . The 
ra te  was dependent on both the p a r t ic le  s ize  and the depth of channel.
The e f fe c t  of channel depth was most n o ticeab le  when a p a r t ic le  crossed  
a reas on which th e re  were s te p s .  An example i s  shown in  f i g ,  4 .2 .  The 
p a r t ic le  i s  considered as operating  on one p a r t ic u la r  b asa l plane la y e r  
and the depth of channel i s  determined by the surface topography of the 
c r y s ta l .  The p a r t ic le  changed v e lo c ity  by an order of magnitude on 
c ro ss in g  from the th in n e s t to  the th ic k e s t  a re a s . Although the depth of 
the  channel v/as no t determ inable>the r e la t iv e  depths could be estim ated  
from the c o n tra s t and are  in d ica ted  in  the c ro ss -s e c tio n , f i g .  4 .2 ( c ) .
In  general sm all p a r t ic le s  propagated channels a t  h ig h er ra te s  than  la rg e  
p a r t ic le s  f o r  a s im ila r  channel depth but p a r t ic le s  d id  no t change in  s ize  
u n less  they agglomerated by c o l l i s io n s .  Fragm entation of p a r t ic le s  was 
never seen to  occur.
The r a te s  of channel propagation and channel widening as a fu n c tio n
fof tem perature and pressure were a lso  determ ined. The ra te  of channel 
widening rep resen ts  the ra te  of uncatalysed  ox idation  in  eq u iv a len t terms 
compared to  the ra te  of ca ta ly sed  o x id a tio n . The tem perature dependences 
of the r a t io  of ca ta ly sed  to  uncatalysed  a tta c k  and of the in d iv id u a l • 
r a te s  a re  presented  as A rrhenius p lo ts  in  f ig s .  4 .3 -4 .5 . Each p o in t 
rep re sen ts  the mean of measurements on sev era l channels observed during 
sev e ra l experim ents. Taking the r a t io  of the r a te s  e lim in a tes  the e r ro r  
in  the m agn ifica tion  (see §  3 . 2 . 1 which occurs due to  d iffe re n c e s  in  
specimen p o s itio n  from experiment to  experim ent. A comparison of the 
th re e  p lo ts  in d ic a te s ,  however, th a t  th e re  i s  some e r ro r  which has no t 
been taken in to  account which a f fe c ts  the measurements of both the c a ta ­
ly sed  and uncatalysed r a te s .  The measurements of the ra te  dependence on 
p ressu re  shown in  f i g .  4.(1 rep re sen t the r e s u l ts  from only two sep ara te  
experim ents. These were determined a t  a considerab ly  l a t e r  da te  when
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fig*  4.3* D ifference A rrhenius p lo t of ca ta ly sed  and uncata ly sed  
ra tes , fo r  zinc c a ta ly s ts  in  2 .6  kPa oxygen.
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.4 . A rrhenius p lo t of ca ta ly sed  re a c tio n  (channel p ropagation  
r a te )  f o r  60 nm diam eter p a r t ic le s  in  2.6 kPa oxygen.
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f i g ,  4.5* A rrhenius p lo t of uncatalysed  re a c tio n  ( ra te  of channel 
widening) in  2.6 kPa oxygen.
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f i g .  4 .6 , P ressure dependence of r a t io  of r a te  of channel 
propagation and channel widening, 60 nm diam eter 
zinc c a ta ly s t  p a r t ic le s  in  oxygen.
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.f ig .  4 .7 . P ressure dependence of the ca ta ly sed  (*) and u n cata ly sed  
ra te s  (o ) . Zinc c a ta ly s ts  in  oxygen. Data same as f o r  
f i g .  4.6
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th e re  was a much g re a te r  degree of co n tro l over the gas pressure in  the 
c e ll*  What was remarkable here was th a t  w h ils t the in d iv id u a l ra te s  
showed a g re a t deal of s c a t te r  and ;the pressure, dependence could, not be 
id e n t i f ie d ,  f ig  4 .7 , the r a t io s  c o r re la te  very well* The slope of the 
A rrhenius p lo t of the r a t io  y ie ld s  the d iffe ren ce  in  a c tiv a tio n  energy 
between the ca ta ly sed  and uncatalysed  re a c tio n . The form of the p ressu re  
e f fe c t  p lo t r e f le c t s  the d iffe ren ce  in  order of re a c tio n  and being l in e a r  
in d ic a te s  a d iffe ren ce  in  order of one.
,4.4 D iscussion
The a c tiv a tio n  energy fo r  the uncatalysed re a c tio n  has been p rev io u sly
determined by o p tic a l and e le c tro n  microscopy by Thomas[5] and P r y e r [ 6 ]
-1re sp e c tiv e ly . Thomas’ value of 249 ±  8 kJ.mole i s  w idely accepted as
being very  r e l ia b le .  The poor agreement between the value obtained here
-1of 201 hh 20 kJ.mole and Thomas1 value i s  d isap p o in tin g . N evertheless
the value i s  in  general accord v/ith r e s u l ts  obtained in  bulk  o x ida tion
experim ents, H eintz and P ark er[3 ], f o r  example, obtained 204 +.15 kJ.mole"*
fo r  the ox idation  of SP1 g rap h ite  in  oxygen. Recently Kemper[7] has
-1obtained a s im ila r  r e s u l t ,  200 +_ 20 kJ.mole independently  by the  CAEM
techn ique . The a c tiv a tio n  energy fo r  the ca ta ly sed  rea c tio n  of 70 7
-1kJ.m ole obtained here was the f i r s t  to  be determined d i r e c t ly  by e le c tro n  
microscopy fo r  any c a ta ly s t .  The agreement w ith  the f ig u re  obtained by
-1H eintz and Parker f o r  Zn from bulk  ox idation  experim ents of 66.5 +, 7 kJ.m ole 
[3 ] i s  very  encouraging. The A rrhenius p lo t of the r a t io s  can be expressed 
in  the form: .
log  k / k  = log  A /A -  (E -  E )/2.303RT „ (4 .1 )c u 0 c u c u ~
Thus i t  i s  seen from f ig .  4 .3 'th a t  the decrease in  a c t iv a tio n  energy on 
passing  from the uncatalysed  to  ca ta ly sed  re a c tio n  i s  accompanied by a 
decrease in  the p re-exponen tia l f a c to r  since the in te rc e p t  on the lo g  r a te  
a x is  i s  no t a t  z e ro . In  o th er words a  compensation e f fe c t  o p era tes  (§  7 .2 ) ,  
The iso k in e tic  tem perature, the tem perature a t  which the two re a c tio n s  pro­
ceed a t  the same ra te  i s  found to  be 1370 K. The d iffe ren ce  in  o rd er of 
re a c tio n  of one i s  rem arkable. There i s  a s trong  p o s s ib i l i ty  th a t  n e i th e r  
re a c tio n  occurs w ith  an in te g ra l  o rder and an in te g ra l  d iffe re n c e  i s  
unexpected.
A problem which a t t r a c t s  a good deal of d iscu ssio n  in  the c a ta ly s is  
of carbon g a s if ic a t io n  i s  the chemical nature  of the c a ta ly s t .  Zinc i s  
app reciab ly  v o la t i le  a t  low tem perature (vapour p ressure  = 0.915 kPa a t  
800 K[8]) and i f  the c a ta ly s t  were m etal one would have expected a gradual 
lo s s  of c a ta ly s t  a t  1000 K. I t  i s  f a r  more l ik e ly  th a t  the c a ta ly s t  was 
ZnO. In  the experim ents where the zinc appeared through vapour tra n sp o r t 
the source was a t  a lower tem perature than the g ra p h ite . The zinc would 
have nucleated  from the vapour as ZnO because a t  700 K, f o r  the re a c tio n
2(Zn) + (0 ) — > 2<ZnO>
0 1 AG = -  502 kJ .mole*" [ 8 ] .  The d ispersed  c a ta ly s t  did no t appear on the
surface  as d isc re te  p a r t ic le s  u n t i l  the tem perature was ra ise d  above
am bient, which in d ic a te s  th a t  the zinc was taken up in to  so lu tio n  in  the
ace tone . The most l ik e ly  form of the zinc in  those cond itions i s  as  the
p in aco la te ;
CH„
CBL - C  :05
CH^-   G -  0
Zn
CH.
which decomposes on h ea tin g  to  ZnO.
A knowledge of the  ra te s  of channel propagation allow s the c a lc u la tio n  
of the ra te s  of a number of o th e r processes thought to  be im portant in  the 
mechanism. I t  has been suggested th a t  the f lu id  n a tu re  of the c a ta ly s t  
p a r t ic le s  o ften  observed in  these  s tu d ie s  i s  due to  the h ea t re le a se d  in  
the re a c tio n  causing m elting . This hea t re le a se  can be c a lc u la te d  and 
compared to  the ra d ia tiv e  hea t lo s s  from the p a r t i c le .  Taking the  
extreme case we assume the re a c tio n  to  be:
<C> + (o 2 ) (co2 ) 
-1fo r  which AH1000 = 394 kJ.mole"* [ 8 ] .  
g a s if ie d  per.second , d n /d t, i s  given by
dn _ 21rSff 
d t “ M
The number of moles of carbon
( 4 . 2 )
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where 1 i s  the ra te  of channel propagation , r  the p a r t ic le  ra d iu s , S the
7
depth of channel, P the d en s ity  of g rap h ite  (2.25 g.cm*" ) and M the
-1atomic weight of carbon. At 1000 K, 1 = 8 .9  nm.s f o r  the 30 nm rad iu s
p a r t ic le s  fo r  which propagation r a te s  were measured. The value of S  can
—18 —1only be estim ated and i s  about 10 nm. Then dn /d t = 10~ m ole.s~ and
the hea t re lea se  on the p a r t ic le  i s  given by th i s  m u ltip lied  by the  h ea t
-13 -1of re a c tio n , AH, and i s  3.9 x 10 J . s  • The energy lo s s  p er u n it  
a rea  of surface i s  given by S tefan*s law
s = <r £ T4 (4,3 )
—8 _2where or i s  a u n iv e rsa l constan t equal to  5.72 x 10 J.m” , £ the
em iss iv ity  of the su rface , and T the abso lu te  tem perature. In  the  . N
absence of o th e r d a ta  £ w il l  be taken  as u n ity . Then fo r  the same 
p a r t ic le  assuming a hem ispherical shape of a rea  A the ra te  of h ea t lo s s ,  
sA, i s
sA = 2vr^cr £ T^ - = 3.25 x 10 ^  J . s  \  (4 .4 )
Since th i s  i s  so much la rg e r  than  the ra te  of h ea t re le a se  on the  p a r t ic le  
the tem perature would not have been ra ise d  s ig n if ic a n t ly .
In  the mechanism suggested by l*Homme[ 9 ]  the oxygen used in  the
re a c tio n  i s  th a t  absorbed by the p a r t i c le .  Once adsorbed the oxygen must
m igrate to  the re a c tio n  in te r f a c e .  This can be by th ree  ro u te s ;
d if fu s io n  through the p a r t ic le ,  d if fu s io n  around the p a r t ic le  and ro ta t io n
of the  p a r t ic le .  Of these the sim plest to  consider i s  ro ta tio n . Suppose
a f ra c t io n  $ of the surface to  be covered by an adsorbed la y e r  of oxygen,
one h a lf  molecule th ic k . The ra te  of ro ta tio n  requ ired  to  supply oxygen
to  the in te rfa c e  i s  equal to  the number of such su rface  la y e rs  req u ired  to
g a s ify  amounts of carbon etched out by the p a r t ic le  p er second. The ra te
—18 —1of g a s if ic a t io n  was ca lcu la ted  above to  be 10 m oles.s . The amount
of oxygen in  a la y e r  on the p a r t ic le  i s  w r 0/ tlN where A  i s  the  a rea
occupied by an oxygen molecule and N i s  Avogadro's number. The a rea
occupied by an oxygen molecule corresponds to  the a rea  of an ad so rp tio n
s i t e ,  i . e .  to  an atom or in te r s t i c e  in  the zinc oxide surface  and can be
2 2taken  to  be 0.8 nm (d„__ fo r  the zinc oxide s t r u c tu r e ) .  Por a  60 nm
100 -2 0diam eter p a r t ic le  th is  i s -4.7 x 10 moles. The ra te  of r o ta t io n  of the
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p a r t ic le  must th e re fo re  be 25#6/0' s . Even fo r  a moderate coverage,
t r a n s f e r  by th is  mechanism i s  p o s s ib le . Data fo r  the ra te  of surface
d iffu s io n  of oxygen on ZnO are not a v a ila b le . The a c tiv a tio n  energy fo r
-1d iffu s io n  of oxygen through zinc oxide i s  395 kJ.mole DO] between 1473 K 
and 1673 K. I f  th i s  holds a t  1000 K i t  would in d ic a te  th a t  i f  oxygen i s  
tra n s fe rre d  through the  p a r t ic le ,  th i s  i s  not the ra te  determ ining s te p .
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CHAPTER 5
A STUDY OF THE SILVER CATALYSED GRAPHITE-OXYGEN REACTION
5.1 In tro d u c tio n
One of the c a ta ly s ts  in  the graphite-oxygen re a c tio n  f o r  which th e re  
have been c o n f lic tin g  rep o rts  of i t s  behaviour i s  s i lv e r .  In  t h e i r  com­
prehensive survey ,of t r a n s i t io n  m etals as c a ta ly s ts  in  bulk ox ida tion  
experim ents, H eintz and ParkerCl] found s i lv e r  to  in h ib i t  the re a c tio n  
a t  700°C (973 K) in  oxygen. The r e s u l ts  of microscopy s tu d ie s , however, 
have always shown th a t  s i lv e r  in c reases  the ra te  of re a c tio n  markedly; 
ThomasC2] found th a t  a g rap h ite  c ry s ta l  a t  720°C (990 K) contam inated 
with, s i lv e r  showed extensive su rface  roughening when exposed to  oxygen.
Ho d i s t in c t  o r ie n ta tio n  of channels could be d is tin g u ish ed  and th i s  was 
in te rp re te d  as a dem onstration th a t  s i lv e r  c a ta ly se s  as much in  <1120> 
d ire c tio n s  as in  <1010> d ire c t io n s .  McKeeC^], in  a s im ila r  experim ent, 
noted the form ation of c i r c u la r  e tch  p i t s  a t  600°C (870 K) and 700°C 
(970 K), in  flow ing oxygen but found no evidence of channels. Hennig[43 
repo rted  the form ation of channels as the major fe a tu re  and these  were 
o rie n ta te d  ex c lu s iv e ly  p a r a l le l  to  <1010> d ire c t io n s .  Unlike the  case 
of gold c a ta ly s ts ,  th i s  o r ie n ta tio n  d id  not change when w ater vapour was 
added to  the re a c ta n t gas. Ho d ire c t  observation  of the in h ib i t io n  by 
s i lv e r  has been obtained from o p tic a l or e le c tro n  microscopy s tu d ie s .
The study described  here was undertaken to  f in d  the o r ig in  of these  
d iffe re n c e s .
Two techniques were used; c ry s ta ls  w ith s i lv e r  deposited  on the 
su rface  were run in  oxygen in  the c o n tro lle d  atmosphere m icroscope, and 
annealed c iy s ta ls  which had been c a ta ly t ic a l ly  reac ted  in  a furnace out­
s ide  the microscope were decorated w ith gold before exam ination. 1
5.2 C ontro lled  Atmosphere E lec tron  Microscopy S tudies
5.2 .1  Experim ental
H atural s in g le  c ry s ta ls  were cleaved by the method described  in  
.§ 4 .2 .1 . They were mounted on platinum  h e a te r  ribbons and s i l v e r  ap p lied  
e i th e r  by evaporation  of the m etal (99.9$ pure) from a tu ngsten  filam en t
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a t  a re s id u a l p ressu re  of le s s  than  2.5 mPa or as a drop of an aqueous 
so lu tio n  of reagent grade s i lv e r  a c e ta te  in  5% aqueous a c e tic  a c id .
During a run in  the m icroscope, the specimen tem perature was ra ise d  
by in c reasin g  the cu rren t passed through the h e a te r  in  increm ents of
0.1 amp (corresponding to  10 K to  20 K). The, h ea tin g  ra te  was v a ried  by 
vary ing  the time in te rv a l  between these increm ents.
5 .2 .2  R esults
S ix ty  experim ents were c a r r ie d  o u t. The evaporated s i lv e r  formed 
sm all is la n d s  on the g rap h ite  su rface  even when deposited  on the g rap h ite  
a t  room tem perature . The d eposit of s i lv e r  from the s i lv e r  a c e ta te  had 
a d iffu se  appearance but on h ea tin g  had formed sm all is la n d s  by 520 K and 
above th is 'te m p e ra tu re  the behaviour of the s i lv e r  from the two sources 
was id e n t ic a l .  • Two extreme kinds of behaviour were observed depending ' 
on the i n i t i a l  h ea tin g  r a t e •
-15*2.2.1 H eating ra te s  slow er than 10 K.s
The low est tem perature a t  which c a ta ly t ic  re a c tio n  was d e f in i te ly  
observed was 640 K. Below 770 + 10 K the s i lv e r  p a r t ic le s  produced 
i r r e g u la r  channels in  the specimen su rfac e . These channels did no t 
s p e c if ic a l ly  s t a r t  a t  d iscem ab le  s tep s  or edges or a t  v is ib le  d e fe c ts  in  
the su rfa ce . A ty p ic a l  example i s  shown in  f i g .  5.1 where the change in  
appearance of a g rap h ite  c ry s ta l  during 2^ minutes exposure to  0.5 kPa of 
oxygen a t  640 K can be seen. I f  the specimens were cooled and reheated  
c a ta ly t ic  re a c tio n  recommenced in  the same form when the tem perature a t  
which c a ta ly t ic  ox ida tion  had occurred p rev iously  was reached, even i f  
the  new heating  ra te  was much h ig h e r .
Evaporation of la rg e r  q u a n ti t ie s  of s i lv e r  onto the specimen gave 
la r g e r  p a r t ic le s  which enabled a more d e ta ile d  study of the behaviour of 
the c a ta ly s t .  The i n i t i a l  form ation of the channel was accompanied by 
a change in  p a r t ic le  shape, from n ea rly  c i r c u la r  to  hexagonal, follow ed 
by co n trac tio n  of the p a r t ic le  to  rev ea l a shallow  p i t  in  the g rap h ite  
su rface , f i g .  5 ,2 . A channel was then propagated from those s id e s  of 
the p i t  w ith which the p a r t ic le  s t i l l  m aintained c o n ta c t. The r a te  of 
propagation of channels depended on the p a r t ic le  s iz e .  Small p a r t ic le s  
moved f a s te r  than  la rg e  p a r t ic le s  fo r  a s im ila r  channel depth . There
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f i g .  5*1 Form ation of channels which do n o t s t a r t  a t  edges in  the  
s i l v e r  c a ta ly se d  g rap h ite -o x y g en  r e a c t io n .  Change in  
appearance of g ra p h ite  over 2-g- m inutes in  0 .5  kPa 0^ a t  
640 K.
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f i g .
’ •. ’• •• ■
•:
f i g .  I
>.2 P i t s  formed by l a r g e r  s i l v e r  c a ta ly s t  p a r t i c l e s  a t  680 K 
a t  slow h e a tin g  r a t e s .
Hexagonal fa c e tin g  of p a r t i c l e s  (A and b ) of s i l v e r  d u rin g  
c a ta ly t i c  o x id a tio n .
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did  no t appear to  be any c o r re la tio n  between the p a r t ic le  s iz e  and the 
o rder in  which they began to  cu t channels. W hilst a l l  channels were 4^
i r r e g u la r  th e re  were hexagonal f a c e ts  on the p a r t ic le s  a t  the head of the 
channels which were o rie n ta te d  ex c lu siv e ly  perpend icu lar to  <1010> d ire c ­
t io n s ,  f ig .  5 .3 . The motion of the p a r t ic le  U sually appeared to  be 
e r r a t i c .  As the c a ta ly t ic  ox ida tion  proceeded the c a ta ly s t  g rap h itet
in te r fa c e  (a t the fa c e ts )  progressed across the g rap h ite  a t  a steady  r a te .
I f  more than one fa c e t  was p resen t th i s  meant the p a r t ic le  had to  spread .
The ex ten t of th i s  spreading was obviously lim ite d  and occasional con­
tra c t io n s  of the p a r t ic le  produced a face ted  wake to  the channel. These 
c o n trac tio n s  o f .th e  p a r t ic le  o ften  occurred w ith such a re g u la r  period  
th a t  a sawtooth p a tte rn  was produced on the channel s id e s .
At tem peratures between 770 K and 1120 K, the upper tem perature was 
v a riab le  and o ccasio n ally  reached 1170 K, two kinds of p a r t ic le  co­
e x is te d . One v/as an i r r e g u la r ly  shaped p a r t ic le  which did no t in flu en ce  
the rea c tio n , the. o th er was a sphero idal form which increased  the r a te  of 
re a c tio n , producing channels, a t  the lower tem peratures but a t  the h ig h est 
tem peratures became an in h ib i to r .  In  th is  tem perature range a l l  channels 
s ta r te d  a t  edges. In  the in h ib ite d  re a c tio n  the recess io n  of unoccupied 
edges was f a s t e r  than re a c tio n  a t  the c a ta ly s t/g ra p h ite  in te r fa c e  and the
r e s u l t  v/as the production of prom ontaries, f ig .  5 .4 . ^
T'Oi}-*'*1
Above 1120 K the s i lv e r  became reorganised  on the su rface  and became 
q u ite  immobile. As edges receded they  rap id ly  became blocked w ith  
s i lv e r  and recess io n  soon ceased. I t  was c le a r ,  however, th a t  the cry­
s t a l  was g e ttin g  th in n e r . Edges g rad u a lly  became le s s  d i s t in c t  and 
ev en tu a lly  caly a la c e lik e  ske le ton  of s i lv e r  remained.
-15 .2 .2 .2  Heating ra te s  f a s t e r  than 40 K.s
At h igher h ea tin g  ra te s  the low tem perature p i t  form ation does not 
occur. The c a ta ly s t  produced channels only s ta r t in g  a t  edges a t  a l l  
tem peratures from 750 K to  the h ig h est tem peratures a t  which i t  was 
p o ssib le  to  make observations, about 1200 K. Although they  v/ere m ostly 
i r r e g u la r ,  f i g .  515, the channels d id  possess some s t r a ig h t  s e c tio n s  
o rie n ta te d  ex c lu s iv e ly  p a r a l le l  to  <1120> d ire c t io n s .  Again large- p a r t i ­
c le s  moved slow er than  small ones f o r  a s im ila r  channel dep th . .
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f i g .  5 .4  Promontary fo rm ation  d u ring  in h ib i t io n  of the  g ra p h i te -0 2 
re a c t io n  by s i l v e r  a t  1140 K.
f i g .  5 .5  P ro duction  of channels s t a r t i n g  e x c lu s iv e ly  a t  s te p s  and 
edges; 0 .5  kPa 02 , 1050K h igh  i n i t i a l  h e a tin g  r a t e .
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5.3 Etch D ecoration S tudies
5.3.1 Experimental
Well formed g rap h ite  c ry s ta ls  were hand picked from Ticonderoga cry­
s ta l s  ex trac ted  from pyroxene m in era l. These were heated by e le c tro n  
beam heating  on a v/ater cooled copper block to  anneal out n a tu ra l vacan­
c ie s .  The c ry s ta ls  outgassed a g re a t deal and th is  treatm ent was only 
found to  be e f fe c tiv e  i f  care was taken  to  never allow  the re s id u a l gas 
p ressu re  to  r i s e  to  g re a te r  than 0.13 Pa. U sually  the c ry s ta l  was pre­
heated  to  d u ll red hea t fo r  15 m inutes, then the tem perature was ra ise d  
slowly to  1500 K and f in a l ly  to  2500 K. The c ry s ta ls  were m aintained a t  
t h i s  h ig h est tem perature fo r  2 m inutes before being cooled . Attempts to  
anneal c ry s ta ls  by h ea tin g  them in  a tantalum  wound re s is ta n c e  furnace 
proved unsuccessfu l, mainly because the therm al cap ac ity  of the furnace 
made the co n tro l of gas evo lu tion  from the specimen very  d i f f i c u l t .  The , 
b e t te r  co n tro l a v a ilab le  using  e le c tro n  beam h ea tin g  makes i t  b e t te r  
su ite d  f o r  annealing of these c r y s ta l s .
The annealed c ry s ta ls  were c leaved . The f i r s t  p rec leav es, which 
had been on the outermost surface of the c r y s ta l ,  were d isca rd ed . 
R epresentative p recleaves of the  r e s t  of the c iy s ta l  were cleaved  to  
transm ission  th ick n ess  as described  p rev iously , picked up on sapphire 
p la te s  and d ried  in  a i r  a t  4-20 K f o r  20 m inutes. These c r y s ta ls  were . 
then  etched in  a.Clg/Og m ixture f o r  10 to  20 m inutes a t  900 K in  the 
apparatus shown in  f i g . '5 .6* Oxygen was bubbled through carbon t e t r a ­
ch lo rid e  a t  room tem perature and passed through a s i l i c a  tube a t  1180 K. 
The re su lt in g  gas was then passed over the c r y s ta l .  When the apparatus 
■■was no t being used f o r  e tc h in g , th e ■gas was d iv e rte d  from the carbon t e t r a ­
ch lo rid e  wash b o t t le  to  one con ta in ing  25^ aqueous su lphuric  a c id .  This 
i s  supposed to  "condition" the decomposition tubeC 5l. The drying s tage 
was found to  be e s s e n t ia l .  C ry s ta ls  which had no t been adequately  d rie d  
gave an e tch  p a tte rn  w ith rin g s  of varying s iz e s .
A fte r  the etch- the c ry s ta ls  were decorated w ith  go ld . The c r y s ta ls
were f i r s t  f lo a te d  onto w ater, picked up qu ickly  onto copper g r id s  and 
the w ater drained o ff  using a f i l t e r  paper. The g rid s  were l a id  on a 
h o t-p la te  in  a vacuum chamber and gold evaporated onto them a t  a  re s id u a l
1 0 1
O xidation tube
Furnace
P y ro ly sis  tube
Rotameters
CC1
fig *  5*6 Apparatus fo r  etch ing  c ry s ta ls  in  Cl^/Og m ix tu res.
1 mm s i lv e r
sheet
" in su la ted  lead s
nichrome wire 
on mica
clamping lu g s
f i g .  5 .7  Exploded view of h e a te r  used f o r  d eco ra tio n .
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pressu re  of 2.5 mPa and w ith a h o t-p la te  tem perature of 520 K. The h o t­
p la te  was s p e c ia lly  made fo r  th i s  work. I t  c o n s is ts  of nichrome wire 
wound on a mica form er and sandwiched between two s i lv e r  p la te s  using  
th in  cleaved mica as an in s u la to r ,  f i g .  5 .7 . . This v/as found more s a t i s ­
fa c to ry  than the specimen h e a te r  b locks commonly used because of i t s  
low er hea t c a p a c ity . I t  v/as, hov/ever, necessary  to  leave the block  a t  
tem perature fo r  about 10 minutes a f t e r  evaporation  of the gold and before 
sw itching o ff the heater- to  g e t a  good- d eco ra tio n . Since vacancies 
were d i f f i c u l t  to  f in d  on an annealed specimen, an unannealed specimen 
was u su a lly  etched and decorated alongside the annealed specimens to  make 
sure any vacancies which were p resen t would have been etched .
S ilv e r  was evaporated onto some annealed cleaved c ry s ta ls  and these  
were reac ted  in  oxygen in  a sm all s i l i c a  furnace tu b e . These c r y s ta ls  
were decorated as described  above. The h ea tin g  ra te  was v a ried  by 
simply varying the r a te  of in crease  in  furnace co n tro l s e t t in g  as the  
furnace v/as brought to  tem perature .
5.3*2 R esults
Typical etched and decorated annealed and unannealed specimens are  
shown in  f ig s .  5*8 and 5 .9 . The vacancy concentration ,;. V, i s  obtained 
from the  d en s ity  of r in g s , H, from the re la t io n :
v = J s L '  .H gd
where M i s  the atomic .weight of carbon, £  the s in g le  c ry s ta l  d e n s ity  of
g ra p h ite , d the in te r la y e r  spacing and E Avogadro’s number. The observed
—8d en sity  of rin g s  in  the unannealed c ry s ta ls  corresponds to  about 10
-11vacancies per atom and in  annealed c ry s ta ls  to  le s s  than  10 vacancies 
p er atom, the l im i t  of a p p l ic a b i l i ty  of the method. The co n cen tra tio n  
in  the unannealed c ry s ta ls  was extrem ely v a ria b le  and could vary  by a 
f a c to r  of 50 f o r  the same cleaved s e c tio n . N evertheless i t  was p o ss ib le  
to  id e n tify  regions of the c ry s ta l  which could be sa id  to  show a  vacancy 
co n cen tra tio n  of vacancies ty p ic a l  of the m ajo rity  of the c r y s ta l  su rface  
(perhaps 80$).
The appearance of c a ta ly t ic a l ly  oxidised and decorated c r y s ta ls  i s  
shown in  f ig s .  5.10 and 5.11 f o r  a  slow h ea tin g  r a te  and i n - f i g .  5.12 f o r
fk
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f i g .  5 .8  T yp ica l e tched  and d eco ra ted  annealed c r y s t a l .
-Is,
• J
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* »* r ->
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f i g .  5 .9  T yp ical e tched  and d eco ra ted  unannealed c r y s t a l . '
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f i g .  5.10 T yp ical appearance of an annealed  c r y s ta l  c a t a l y t i c a l l y  e tched  
in  a i r  a t  a tm ospheric p re ssu re  and d e co ra te d . Slow h e a tin g  
r a t e .
f i g .  5.11 As f i g .  5 .10 showing low c o n tra s t  loops ( a t  A and B)-.
105
f ig .  5 .1 2 . Typical appearance o f  an annealed c r y s ta l  c a t a ly t i c a l l y  
etched  in  a i r  a t  atm ospheric p re ssu re  and d eco ra ted . 
F ast h ea tin g  r a t e .
a f a s t  heating  r a t e .  The more in te re s t in g  i s  the c ry s ta l  reac ted  a t  the'Cl
slow heating  ra te  in  which a g re a t many step s  are  p resen t in  the channel 
bottom. In general, the number of s tep s  i s  g re a te s t  f o r  la rg e  p a r t ic le s  
and where the p a r t ic le  has cu t a curved channel, A few low c o n tra s t  
loops are  a lso  v i s ib le ,
5,4 D iscussion
The combination of CAEM and e tch -d eco ra tio n  techniques has shown the 
c a ta ly s is  of the graphite-oxygen rea c tio n  by s i lv e r  to  be more compli­
c a te d .a t  the m icroscopic le v e l than had prev iously  been suspected . The 
only sim plify ing  fe a tu re  i s  th a t  the evaporated m etal and so lu tio n  derived 
c a ta ly s ts  behaved in  the same way, a t  le a s t  q u a l i ta t iv e ly .  Since Ag^O 
i s  therm ally  u n stab le  w ith resp ec t to  the m etal a t  the p ressu res  used i t  
would be reasonable to  suppose th a t  the c a ta ly s t  from both sources i s '“ - - 
mainly s i lv e r  m eta l. Indeed, McKee[3] found no evidence of a  sep ara te  
oxide phase in  h is  thermogravimetry study of the system g ra p h i te /s i lv e r  
aceta te /oxygen . Recent work by Ruczka[6] and by G r i f f i th s [ 7 ] ,  however, 
provides d i f f r a c t io n  evidence fo r  a d iphasic p a r t ic le  invo lv ing  s i lv e r  
oxides; ’AgO 1 in  the form er case and Ag 0 in  the l a t t e r ,X u
I t  has been e s ta b lish ed  th a t  i f  the removal of atoms from p e rfe c t 
b a sa l plane su rfaces  occurs a t  a l l  in  the uncatalysed  graphite-oxygen 
re a c tio n  i t  i s  only extrem ely slow. W hilst c a ta ly s ts  are  known to  a l t e r  
the ra te  of lo s s  of carbon atoms from step  faces and a t  d e fe c ts [8 ,9 ] , 
th a t  they can f a c i l i t a t e  extractian af atoms from a s t r u c tu r a l ly  p e rfe c t 
b a sa l surface has not."before been demonstrated unequivocally . Hennig 
has shown th a t  in  the gold ca ta ly sed  re ac tio n  on n a tu ra l Ticonderoga 
c ry s ta ls  only channels s ta r t in g  a t  edges are formed but i f  vacancies are  
in troduced  in to  the c ry s ta l  e i th e r  by i r r a d ia t io n  or by therm al damage 
the gold produces p i t s [ 8 ] ,  Dor the purposes of d iscu ss io n  a channel 
which does no t s t a r t  a t  an edge or s tep  can be considered as a p i t  
extended in  one l a t e r a l  dimension more than in  the o th e r . That the 
channels and p i t s  seen in  f ig s .  5*1 and 5.2 could have been produced by 
e x tra c tio n  of b asa l plane atoms r a th e r  than simply due to  vacancies 
a lread y  p resen t can be shown by a comparison of the number of p a r t ic le s  
which produce channels w ith th a t  expected based on the known co n cen tra tio n  
of v acan cies . The vacancy co n cen tra tio n  in  the c ry s ta ls  was determ ined
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- 8to  be about 10 vacancies per atom. Baker has obtained a s im ila r
value f o r  c ry s ta ls  from the same batchClO], Bor c ry s ta ls  from the same
geographical lo c a tio n , Hennig has determined the average vacancy concen-
—7tr a t io n  to  be somewhat h ig h er, 10~ vacancies per atom C ll], The 
p ro b a b ility  th a t  a p a r t ic le  can produce a p i t  of depth q basa l plane 
la y e rs  i s  assumed to  be the same as the p ro b a b ility  of fin d in g  a  vacancy 
in  each of the f i r s t  q successive la y e rs  in  the a rea  ly in g  under the 
p a r t ic le .  This i s  (2UgVjTr^d/M)^ where r  i s  the rad ius of the p a r t i c le .  
Assuming the vacancy co n cen tra tio n  to  be 10 ^ the p ro b a b ility  of a p a r t i ­
c le  forming a p i t  5 la y e rs  deep, the  minimum depth which would be v is ib le^
-5  -15i s  10 fo r  the 0.2 pn p a r t ic le s  in  f i g .  5*2 and 10 fo r  the 0.02 pm
p a r t ic le s  in  f i g .  5.1* Even i f  the p a r t ic le s  had p re fe r e n t ia l ly  occu­
pied a  p o s itio n  immediately over a vacancy in  the f i r s t  surface  la y e r  
the p ro b a b ility  i s  s t i l l  m iniscule (q would then be fo u r) .  . C lea rly  the  
co n cen tra tion  of n a tu ra l vacancies alone does no t account f o r  the observed 
behaviour. The f ig u re s  5.10 and 5*11 show conclusive ly  th a t  s i l v e r  i s  
ab le  to  e x tra c t atoms from s tr u c tu r a l ly  p e rfe c t reg ions of a g rap h ite
b asa l p lane . The r a te  of e x tra c tio n  of such atoms i s  s t i l l  q u ite  slow,
4however. A ty p ic a l  an iso tropy  f a c to r  determined from f i g .  5.10 i s  10 .
4That i s ,  a carbon atom i s  10 tim es more l ik e ly  to  be detached from a 
p rism atic  face than  from a b asa l plane su rface , a f ig u re  obtained by 
counting the number of s tep s  in  a given len g th  of a channel..
The in h ib it in g  e f fe c t  of s i lv e r  a t  high tem peratures i s  c o n s is te n t 
w ith  the r e s u l ts  of bulk  ox idation  experim ents which show th a t  the  
ca ta ly sed  and uncatalysed  r a te s  are  re la te d  by a compensation e f f e c t  
(see ch ap ter 2 ) .  C a ta ly s ts  which in crease  the ra te  of o x ida tion  a t  low 
tem peratures a re  expected to  in h ib i t  the re a c tio n  a t  tem peratures in  
excess of about 1000 K.
The fa c e tin g  of la rg e  p a r t ic le s  a t  low tem peratures i s  probably  due 
to  b asa l plane an iso tropy  of ca ta ly sed  re a c tio n  r a te s .  Using the 
ex tension  of Thomas1 ru le  fo r  ca ta ly sed  re ac tio n s  the d ire c tio n s  of 
h ig h est r e a c t iv i ty  are  p a r a l le l  to  the f a c e ts ,  i . e .  <1120>. The usual 
d i f f i c u l ty  a r i s e s ,  however, when th i s  i s  compared to  the d ire c tio n s  of 
p re fe rre d  o r ie n ta tio n  of s tr a ig h t  channels. Erom f i g .  5*5 the  d ire c t io n  
of h ig h est r e a c t iv i ty  i s  <1010> from Hennig’s ru leC 9]. Since Thomas’
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ru le  i s  considered the more r e l ia b le  the d ire c tio n s  of h ig h est r e a c t iv i ty  
a re  taken to  be <1120>.
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CHAPTER 6
A STUDY OP THE LEAP CATALYSED GRAPHITE-OXYGEN REACTION
6.1 In tro d u c tio n
Lead i s  w ell known to  be a p a r t ic u la r ly  e f fe c tiv e  c a ta ly s t  in  the 
graphite-oxygen re a c tio n . In creases  in  r a te s  of re a c tio n  of f iv e  orders 
of magnitude over the uncatalysed  re a c tio n  are no t unknow n[l-4]. When 
the da ta  of Magne and Duval[3] f o r  sev era l c a ta ly s ts  are p lo tte d  as a 
compensation e f f e c t ,  the p re-exponen tia l f a c to r ,  and so the r a te ,  i s  
found to  be n ea rly  two orders of magnitude g re a te r  f o r  lead  than  expected 
by comparison w ith  the o th er c a ta ly s ts ,  f i g .  2.12. Another in te re s t in g  
fe a tu re  of the lead  ca ta ly sed  re a c tio n  i s  the low le v e l  a t  which the  
e f fe c t  of lead  reaches s a tu ra tio n , a t  2 ppm fo r  some n u c lea r g rap h ite s  
[1,2],
6.2 Experimental
Specimens of unannealed Ticonderoga g rap h ite  were prepared by 
cleavage as described  in  i? 4 .2 ,  and v/ere mounted on platinum  h e a te r  
rib b o n s. Lead was app lied  e i th e r  as a so lu tio n  of lead  a c e ta te  in  1 fo 
aqueous a c e tic  ac id  or by evaporation  of m e ta llic  lead  onto the  mounted 
g rap h ite  from a 'n ic k e l  filam ent a t  a  re s id u a l p ressu re  of 2.5 mPa. The 
specimens were reac ted  in  the e le c tro n  microscope in  oxygen a t  p re ssu re s  
up to  0 .8  kPa.
6.3 R esu lts . . -
The specimens which had been tre a te d  w ith lead  a c e ta te  reac ted  
extrem ely ra p id ly . At tem peratures below 820 K, the re a c tio n  was charac­
te r is e d  by re a c tio n  of basal plane s tep s  a t  very  high r a te s ,  ta b le  6 .1 .
The l in e  of the s tep  co n sisted  of a s e r ie s  of s tr a ig h t  sec tio n s  jo ined  a t  
120°, f ig .  6 .1 (a ) .  Each sec tio n  receded in  a d ire c tio n  normal to  i t ,  
so when the sec tio n s  a t  the opposite ends of the s tep  v/ere no t p a r a l le l  
to  each o ther the recess io n  had to  be accompanied by a leng then ing  of the  
s te p . A fte r  a sh o rt time breaks in  the l in e  of the s tep  appeared and as 
i t  receded fu r th e r  i t  l e f t  p ro je c tio n s  as shown in  f i g .  6 .1 (b ) which 
shows the same s tep  as 6 .1 (a ) ten  seconds l a t e r  (corresponding to  move­
ment of sf pm). F u rth e r  breakup of the s tep  was accompanied-by fo rm ation
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Table 6 .1 . Rates of Recession of Basal Plane Steps
t/ k
Rate/nm.s
V V2Pb C atalysed (V^) Uncatalysed (V^)*
768 + 5 0 .8 18 + 1 9 x 10~5 2 .2  x 105
803 + 8 0.9 49 h- 5 6 x 10“4 8 .5  x 104
-1A ctiv a tio n  energy of ca ta ly sed  reac tio n  126 _+ 28 kj.m ole
*E xtrapolated  from f ig .  4 .5
of fe rn - l ik e  p a tte rn s  in  the s te p , f i g .  6 . 1 (c) ( te n  seconds l a t e r  s t i l l ) .  
Once th i s  had occurred recess io n  of the step  ceased .
I f  the tem perature v/ere increased  fu r th e r  to  860 K a p a tte rn  of 
r in g s  of i r r e g u la r ly  shaped p a r t ic le s  appeared on the surface  and the 
rap id  edge recess io n  did not take p la c e . The rin g s  were from 0.5 pm to
2 .0  pm in  diam eter and the p a r t ic le s  about 20 nm in  s iz e ,  f i g .  6 .2 . • The 
appearance of the c ry s ta l  surface  resembled an e tch -d eco ra tio n  p a t te rn  of 
expanded vacancies except th a t  in te rp e n e tra tin g  r in g s  could o ccasio n a lly  
be seen, f ig .  6 .2 . Some attem pts were made to  determ ine w hether these  
r in g s  were changing in  s iz e  but the r e s u l ts  were inconclusive because of 
a s l ig h t  i n s t a b i l i t y  in  the video image.
In  the experim ents using  evaporated m e ta llic  lead  i t  was d i f f i c u l t  
to  evaporate a comparable amount of c a ta ly s t  onto the specimen. The 
evaporated lead  film s v/ere alm ost continuous and on h ea tin g  formed dark 
is la n d s  as shown in  f i g .  6 .3 . As the tem perature was ra ise d  the amount 
of lead  on the su rface  decreased, presumably as a r e s u l t  of ev ap o ra tio n . 
Some ca ta ly sed  re a c tio n  in  the. form of rap id  edge recess io n  was observed, 
but i t  was not n ea rly  as rap id  as w ith  the a c e ta te  • O ccasionally  a dark 
f ilm  of lead  could be seen on the faces  of s te p s , f i g .  6 . 4 .
No channels of the kind observed w ith  zinc or s i lv e r  were observed 
w ith  lead  derived from e i th e r  source .
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f i g .  6.1 S tages in  the  re c e s s io n  of s te p s  in  the  le ad  c a ta ly se d  
r e a c t io n .  fen  second i n t e r v a l s  a t  803 K and 0 .9  kPa 
oxygen.
*
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6 . 4  D i s c u s s i o n
The extrem ely rap id  edge recess io n  observed fo r  the a c e ta te  derived 
c a ta ly s t  i s  in te rp re te d  as being due to  the presence of an extrem ely 
th in  film  of lead  which occupies the faces of b asa l plane s te p s . A 
s tep  which c o n s ti tu te s  two or more s id es  of a hexagon must leng then  as i t  
recedes and the f ilm  must spread . U ltim ately  the f ilm  breaks up leav in g  
some p a r ts  of the  edge unoccupied by c a ta ly s t  and some occupied by a row 
of small b ead le ts  of c a ta ly s t ,  le s s  than 5 nm in  d iam eter. These pro­
ceed to  cu t channels in to  the s te p , f i g .  6 .5 . At tem peratures c lo se  to  
820 K v o la t i l i s a t io n  of the c a ta ly s t  co n trib u te s  to  th i s  break up and 
probably accounts f o r  the sh o rt liv e d  nature of the ch an n e llin g . The 
d iffe ren ce  in  r a te s  between the lead  m etal and lead  a c e ta te  derived 
c a ta ly s ts  was probably due to  the d iffe ren ce  in  f ilm  th ick n e ss . Kemper 
has shown th a t  in  the molybdenum ca ta ly sed  graphite-oxygen re a c tio n  the 
r a te  of channel propagation i s  in v e rse ly  p ro p o rtio n a l to  the p a r t ic le  
sizeC53. A s im ila r  r e la t io n  might a lso  hold f o r  a f ilm  of c a ta ly s t  and 
the method of a p p lic a tio n  which produced the th in n e r  f ilm  would produce
the h ig h est r a te s ,  as observed. The approximate a c t iv a tio n  energy given
-1in  ta b le  6.1 i s  co n s is te n t w ith the value of 153 kJ.mole obtained by
—1Magne and Duval[ 3 ] and of 147 kJ.mole by Am ariglio and Duval[2 ] , but 
i t  i s  d if fe re n t  from ‘the value repo rted  by Rakszawski and Parker 
(4 kJ.m ole”' )[6 ] although th i s  l a s t  value may be suspect anyway . (§ 2 .7  ) .
The occupation o f whole len g th s  of s tep s  may account f o r  the  d i f f e r ­
ences in  the behaviour of lead  from th a t  of o th e r c a ta ly s ts  in  some bulk 
ox idation  experim ents. When c a ta ly s ts  operate as d is c re te  p a r t ic le s  
c a ta ly t ic  a c t iv i ty  i s  always accompanied by genera tion  of a d d itio n a l 
lengths, of s te p s , the channel s id e s , a t  which uncatalysed  a t ta c k  may 
occur. . The ca ta ly sed  a tta c k  never then occurs on more than  a few per 
cen t of the area  of a c tiv e  su rfa c e . In  cases of a w etting  c a ta ly s t  such 
as lead  or molybdenumC5], however, s u b s ta n tia l  p roportions of su rface  may 
be occupied by c a ta ly s t .  This accounts fo r  both the low s a tu ra t io n  con­
c e n tra tio n  fo r  lead  c a ta ly s ts [2 ]  and the high p re -ex p o n en tia l f a c to r  f o r  
bulk  oxidation  r e a c t io n s !^ ] .
The behaviour above 820 K i s  probably d eco ra tio n  of expanded vacancy 
p i t s  by le a d . Lead i s  known to  decorate su rface  s tep s  a t  Toom
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f i g .  6 .2  Ring p a t t e r n s  produced by le ad  on g ra p h i te  a t  860 K and in
0 .8  kPa oxygen.
f i g .  6 .3  Is la n d  fo rm ation  by evaporated  le ad  f i lm  ~ 700 K, 0 .8  kPa 
oxygen.
f i g .  6 .4  Lead f i lm  on b a sa l  plane s te p  produced from evaporated  
lead  c a t a l y s t .
( a )
/
(a)
f i g .  6.5 Development of s tep s  during the lead  ca ta ly sed  graphite-O ^ 
re a c tio n . (a) f ilm  of lead  on s tep ; (b) leng then ing  of 
s tep  during recess io n ; (c) breakup of film ; (d) fo rm ation  
of channels^, and prom ontaries.
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tem perature [7] .  The in te rs e c tin g  rin g s  probably arose because lead  had 
access to  both s id es  of the specimen. The expansion of s in g le  la y e r  
e tch  p i ts  by uncatalysed  a tta c k  should have been too slow to  be observ­
able in  these experim ents; 10 nm.s ^ a t  833 K and 0.8 kPa OgCs] i f  the
re ac tio n  ra te  i s  assumed to  be f i r s t  order w ith resp ec t to  oxygen. The
2d en sity  of r in g s  observed of between 2 and 3 p er pm i s  s im ila r  to  th a t
expected i f  the r in g s  o rig in a ted  from decorated etched vacan c ies . The
in te rn a l  vacancy co n cen tra tio n  of the c ry s ta ls  used here was about 10~
vacancies per atom. The d en s ity  of r in g s  in  the f i r s t  surface  la y e r  v/as 
-2th e re fo re  0 .4  pm . Since the la rg e s t  rin g s  were 2 pm ac ro ss , vacancies
in  o th er la y e rs  would have been exposed and rin g s  in  the surface  la y e r
would have overlapped app rec iab ly . In  f i g .  6.6 the r e s u l t  i s  shown of a
g rap h ica l s im ulation  of the s i tu a t io n  obtained as fo llow s. F ive s e ts
each of fo r ty  p a ir s  of random numbers v/ere obtained from random number
ta b le s ,  each p a i r  rep resen tin g  the co -o rd in a tes  of the vacancies in  a
10 pm square of a b asa l plane la y e r  and the f iv e  s e ts  the f i r s t  f iv e
successive la y e rs  in  a c ry s ta l  of g ra p h ite . Each vacancy in  the topmost
la y e r  v/as assumed to  have expanded to  a monolayer p i t  2 pm in  diam eter
and a rin g  of th a t  sca le  diam eter was drawn cen tred  on the vacancies in
the re p re se n ta tio n  of the f i r s t  la y e r .  Those vacancies in  the second'
la y e r  v/hich lay  w ith in  these r in g s  rep resen t vacancies which were
uncovered during the expansion of the p i t s  in  the f i r s t  la y e r  and rin g s
were drawn on these p o in ts  such th a t  they touched the f i r s t  r in g
ta n g e n t ia l ly . The area  enclosed by th is  second group of r in g s  re p re -
sended the uncovered th ird  la y e r  and a th ird  s e t  of rin g s  v/ere drawn on
co -o rd in a tes  from the th ird  s e t  which were ta n g e n tia l w ith the r in g s  in
the second la y e r , and so on. I t  was found th a t  the f i f t h  la y e r  was
exposed ev en tu a lly  but no vacancies in  th a t  la y e r .  The f i g .  6.6 i s  taken
from the c e n tra l  a rea  of the diagram so th a t  the in fluence  of vacancies
no t w ith in  the se le c ted  a rea  which produced rin g s  extending in to  the  area
are taken in to  account. This a rea  which i s  4.8 pm^ con ta ins ~30 rin g s
which would be recognisable  as such in  an image l ik e  f i g .  6 .2  which i s
about tv/ice the o r ig in a l vacancy co n cen tra tion  per la y e r ..  Since r in g s  on
both s id es  of the c ry s ta l, would be counted one expects to  see about 1 .6  
2rin g s  pm experim entally  v/hich agrees very w ell w ith what v/as observed.
ft
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f i g .  6.6 E x trac t from G raphical S im ulation of the Development of 
Rigs on the Surface of Graphite due to  the U ncatalysed 
Expansion of Single Random Vacancies in  Oxygen.
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CHAPTER 7
A KINETIC MODEL OP THE OXIDATION OE IMPURE CARBONS
7.1 In tro d u c tio n
Prom the r e s u l ts  of o p tic a l .and e le c tro n  microscopy studies!! 1-43 i t  
i s  evident th a t  when an impure or impregnated g rap h ite  i s  ox id ised , both 
ca ta ly sed  and uncatalysed  re a c tio n s  take place sim ultaneously  on the 
g rap h ite  surface.. To in te rp r e t  the r e s u l ts  of bulk ox idation  ex p eri­
ments i t  i s  necessary  to  have some means of reso lv in g  the c o n tr ib u tio n  of 
these  two rea c tio n s  to  an o v e ra ll r a t e .  This i s  im portant from two 
p o in ts  of view. F i r s t ly ,  i t  i s  of tech n ic a l in te r e s t  in  the n u c lea r 
in d u stry  where high p u rity  g rap h ite s  are  used as the m oderator and in  
s tru c tu r a l  components such as fu e l s le e v e s . Some components have to  
l a s t  the e n tire  l i f e  of a re a c to r  (~ 30 y ears) in  a p o te n tia l ly  h ig h ly  
co rrosive  atm osphere. In  g en era l, the co rrosion  re s is ta n c e  of manu­
fac tu red  g rap h ite  i s  not v e iy  rep ro d u c ib le . Extensive te s t in g  of the 
g rap h ite  has to  be c a rr ie d  o u t. I t  i s  necessary  to  determ ine to  what 
ex ten t the r e a c t iv i ty  of a g rap h ite  i s  due to  c a ta ly t ic  a t ta c k  and to  
id e n tify  the c a ta ly t ic  agent v/hich i s  p resen t, to  provide a c le a r e r  
m anufacturing s p e c if ic a t io n . Secondly, i f  the r e s u l ts  of bu lk  o x ida tion  
experim ents are  going to  co n trib u te  to  the e lu c id a tio n  of the  mechanism 
of the c a ta ly s is  of g rap h ite  g a s if ic a t io n  the e s s e n t ia l  da ta  must be 
is o la te d  from secondary e f fe c ts ;  the  e ffec tiv e n e ss  of the d isp e rs io n  of 
the c a ta ly s t  f o r  in s ta n c e .
An attem pt to  develop a model to  allow  the uncatalysed  and ca ta ly sed  
re a c tio n s  to  be reso lved  was made by HeuchampsC5]. I t  was no t su ccessfu l 
because th ere  were too many unknown v a r ia b le s . The p ro v is io n , through 
the  compensation e f f e c t ,  of a re la t io n s h ip  lin k in g  the A rrhenius para­
m eters of the ca ta ly sed  and uncatalysed  re a c tio n s , hov/ever, now reduces . 
the number of unknowns to  the po in t where such a model i s  p o s s ib le .
7.2  The K inetic  Compensation E ffec t
The k in e tic  compensation e f f e c t ,  o r th e ta  ru le ,  expresses the 
dependence o-f the p re-exponen tia l f a c to r ,  A, on the a c t iv a t io n  energy, E, 
in  the Arrhenius equation: _
fk
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k  =  A e x p  ( -E /R T ) ( 7 . 1 )
f o r  a s e r ie s  of s im ila r  re a c t io n s [6 ] . Here-It i s  the sp e c if ic  r a te  con­
s ta n t ,  T the abso lu te  tem perature and R the gas co n s ta n t. Most commonly
A i s  found to  be exponen tia lly  dependent on E:
A = k exp (E /E T  ) (7 .2 )o s
th a t  i s ,  In  A i s  l in e a r ly  dependent on E,
In  A = In  kQ + E/RTg (7 .3 )
The param eter Ts i s  termed the is o k in e tic  tem perature. There has been 
considerab le  d iscu ssio n  in  the l i t e r a tu r e  on the s ig n ifican ce  of Tg 
obtained from p lo ts  of log  A ag a in s t E because a good f i t  to  an equation
of the form of equation  (7 .3 ) can a r is e  out of random e r ro rs  as v/ell as an
in t r in s ic  re la t io n s h ip  between A and E. I f  equation  (7 .2 ) t ru ly  re p re se n ts  
the s e r ie s  then T corresponds to  the tem perature a t  which a l l  the  re a c tio n s  
occur a t  the same' r a t e .  This i s  e a s i ly  proved. In  f i g .  7.1 a re  shown . 
p lo ts  of equation  (7 .1 ) fo r  the cases where E i s  p o s itiv e  and where E i s  
ze ro . At the p o in t where they have the same so lu tio n
k = A exp (-E/RT) = kg (7 .4 )
and T = Tg , which i s  tru e  fo r  a l l  E. Thus i f  a l l  the re a c tio n s  proceed /
a t  the same ra te  a t  T = T , then
: s
A -  k exp (S/PS ) - (7 .5 )
which i s  equation (7 .2 ) .
A good, i f  no t p re c ise , f i t  to  a p lo t of log  A ag a in s t E i s  a lso  
obtained i f  T values f o r  re a c tio n s  taken in  p a ir s  are no t id e n t ic a l  but /
. s c
d i f f e r  s l ig h t ly  w ith in  a narrow range (say 200 K). Then the value of Ts
obtained from the slope of the p lo t i s  a mean v a lu e . Exner[7] has d is ­
cussed th is  and the e f fe c t  of experim ental e r ro r  in  some d e t a i l .  In  any 
event a p lo t of log  A ag a in s t E w ith a p o s itiv e  slope shows in  a f a i r l y  
compact way th a t  any two rea c tio n s  of the s e r ie s  of s u b s ta n tia l ly  d i f f e r e n t  
a c t iv a t io n  energy w il l  proceed a t  the same ra te  a t  some tem perature w ith in  
the range of r e a l  ( i . e .  not negative) tem p era tu res . .
7 .3  Theory
As the theory  which follow s i s  ap p licab le  to  o th e r systems b esid es
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c a r b o n  o x i d a t i o n  i t  i s  d e r iv e d  f i r s t  i n  g e n e r a l  te r r a s  f o r  a n y  num ber o f
which i s  the only case fo r  v/hich experim ental da ta  are av a ila b le  from
carbon g a s if ic a t io n  s tu d ie s , are  then ex trac ted  from the general eq u atio n s.
Thus fo r  carbon s tu d ie s , the p o s s ib i l i ty  th a t T values may subsequentlys
be found not unique w il l  not a f f e c t  the v a l id i ty  of the theory  as i t  i s  
ap p lied , but only i t s  ex tension .
Y/e consider the form of the k in e t ic s  fo r  a system in  which sev era l 
re ac tio n s  occur sim ultaneously and independently on a s in g le  specimen and 
f o r  which the Arrhenius param eters are  re la te d  by a compensation e f f e c t .
The to t a l  r a te ,  k, i s  given by the sum of the products of each sp e c if ic  
r a te  and the f ra c t io n  o f. the su rface  re ac tin g  a t  th a t  r a te  f o r  a l l  the 
in d iv id u a l re a c tio n s , i ; .
re a c tio n s  fo r  v/hich T i s  unique. The sp ec ia l case of only tv/o re a c tio n s ,s
k  = (ASA) s J L  exp (-E^/RT) (7 .6 )
where (ASA) i s  the a c tiv e  surface a re a .
Combining th is  w ith the compensation e f f e c t ,
A. = k  exp (-E./RT )
X 0 I S
(7 .7 )
log  k
log  A2
log  A
o
1
i ■ i
/T
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we obtain
k  = (ASA) k
p i
s i expIt ( 7 . 8 )
When p lo tte d  on coord inates of In  k v . 1/T th is  i s  curved in  the reg ion
of T . Taking logarithm s and d if f e r e n t ia t in g  w ith resp ec t to  1/T we s
ob ta in  the slope of the tan g en t.
(ASA) k
d (ln  k) _ 
d( 1/T )
E.l
S.  -=rl  R
s . expi
(e. r
R
JL
T
(7 .9 )
The equation of the tangent can be expressed in  the  form 
In  A* = In  k + E'/RT 
d ( ln  k)where E' = R
d (l/T )
(7 .10)
(7 .10a)
The primed values rep resen t the A rrhenius param eters describ in g  the  ta n ­
gent and so are c lo se  to  the param eters which would be obtained ex p e ri­
m entally  i f  the  tem perature range covered were too small f o r  the  
curvatu re  in  the A rrhenius p lo t to  have been d e te c te d . A compensation 
e f f e c t  r e la te s  these  but i t  i s  only l in e a r  ( in  i t s  logarithm  form) and
id e n t ic a l  to  th a t  of equation (7*7) when T = T .s
One fu r th e r  general re  s u i t  fo llow s i f  each re a c tio n  i s  assumed to  
give r is e  to  sev era l p roducts. The r a t io  of any two products x ,y  i s  
given by
x
y
X.1 exp I
E.x
R
_ i
s
y. s i xi  exp
E.l
R
(7 .11)
(x, + y .)
i f  i t  i s  assumed th a t  the in d iv id u a l product r a t io s  xj_/y^ & p ro p erty  ' 
of each re a c tio n  i .
Y/e w ill  consider the sim plest systems only; v/here two independent 
re a c tio n s  are invo lved . Then equations (7 .8 ) , (7 .9 ) and (7 .11) s im p lify  
to
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k = (ASA)kQ (sZa + (1 -  s)Zb ) (7.12)
, /  ’ . % sE Z + (1 -  s )E.Z.d (ln  k j _ a a   b b
d(1/T) • E(.sZa + (1 -  s)Zb (7 .13)
X v
sZ /(1  + -~ )  + (1 -  s)z /(1  + — ) a y b y^
“ d y = SXaV (Xa + ya} + U “ s V b A *b + yb } ' ^ M )
J  E±
where = exp \ —
s
(7.15)
and s re fe r s  to  the f ra c t io n  of the re a c tio n  occuring by re a c tio n  a. and 
(1 -  s )  by re a c tio n  h .  T need only now r e la te  reac tio n s  a. and Jd.
S '
7,4  A pplication  to  Carbon O xidation
These equations are re lev an t to  the c a ta ly s is  of the ox idation  of 
carbon. E lec tro n  and op tical, microscopy s tu d ie sC l-4 ,7 ] in d ic a te  th a t  the 
ca ta ly sed  and uncatalysed  re a c tio n  do take place e s s e n t ia l ly  independently  
of each o th e r. We can th e re fo re  su b s ti tu te  ca ta ly sed  re a c tio n  f o r  
re a c tio n  a. and uncatalysed  re a c tio n  fo r  b in  equations (7 .1 2 ), (7 .1 3 ), 
(7 ,14) and (7 .1 5 ) . The param eter s then corresponds to  the f r a c t io n  of 
the re a c tio n  due to  ca ta ly sed  a t ta c k .  In  the experim ental s i tu a t io n  
c a ta ly s ts  may be added d e lib e ra te ly  or p resen t as im p u ritie s  and, 
according to  the h is to ry  of the specimen, may be v a rio u s ly  d is tr ib u te d  
over the surface o r incorporated  in to  the bulk of the carbon. E ith e r  
way, as ox idation  proceeds c a ta ly s ts  w il l  tend to  accumulate on the  a c tiv e  
-surface during bu m o ff and s w il l  in c re a se . There i s  only a l im ite d  
range of values access ib le  to  s .  W hilst i t  i s  easy to  conceive of 
s i tu a t io n s  in  which s a t ta in s  very  sm all v a lu es , e .g .  a t  very  low bu m o ff 
of a high p u r ity  carbon, the  topology of the re a c tio n  i s  such th a t  va lues 
of (1 -  s) orders of magnitude d if f e re n t  from u n ity  are  u n lik e ly . Most 
c a ta ly s ts  operate by the a c tio n  of c u ttin g  channels or p i t s ,  and produce 
a d d itio n a l len g th s of s tep s  (a d d itio n a l ac tiv e  su rface  a rea) a t  which 
uncatalysed  a tta c k  may take place as they do so .
Eor these rea c tio n s  th e re fo re  the symmetry of equation  (7 .12) i s  
lo s t  and i t  i s  necessary  -to co n sid e r two separa te  cases: E^ > Ec and
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E^ < E . Equation (7.12) i s  p lo tte d  in  f ig .  7.2 fo r  the two cases and 
equation (7.10) in  f i g .  7 .3 . The curvature of the A rrhenius p lo t i s  
appreciab le  even f o r  very small values of s a t  tem peratures c lose 
to  T^. I f  a combustion experiment i s  c a rrie d  out a t  constan t tem perature 
the c a ta ly s t  tends to  accumulate on the ac tiv e  surface  of the carbon 
during b u m o ff, . The value of s in c reases  and the progress of the 
re a c tio n  corresponds to  progress along the isotherm  up the A rrhenius 
diagram. Account should be taken , however, of the f a c t  th a t  changes in  
the geom etrical surface  area  of the specimen and the f ra c t io n  of th a t  
a rea  v/hich i s  a c tiv e  w ill  a lso  change the p o s itio n  of the diagram w ith in  
the coordinate system during b u m o ff . In  f ig u re  7,3 the p lo tte d  l in e s  
are  isotherm s and progress along the isotherm s across the page from l e f t  
to  r ig h t  corresponds to  in c reasin g  s and to  progress up the diagrams in  
f ig u re  7 .2 .
Although no published r e s u l ts  cover the whole of the diagrams of 
f ig u re s  7.2 and 7.3 a la rg e  amount of the published da ta  i s  c o n s is te n t 
w ith  .them. The d a ta  of Mme. Pointud and co-workersC8] fo r  iro n  c a ta ly s ts  
in  the graphite-GOg re a c tio n  are  shown in  f i g .  7 .4 . A com plication  a r is e s  
because fo r  the uncatalysed ra te  th e re  i s  t r a n s f e r  of the ra te  c o n tro l from 
in t r in s ic  r e a c t iv i ty  to  in -po re  d iffu s io n  c o n tro l.  I t  has been assumed 
th a t  pore opening in  the ca ta ly sed  re a c tio n  overcomes the d if fu s io n  pro­
blem. The l in e s  were p lo tte d  to  give a b es t f i t  f o r  th ree  p a r a l l e l  l in e s  
in  the reg ion  where ca ta lysed  re a c tio n  was dominant and the in te rm ed ia te  
(curved) by summing‘the ca ta ly sed  and uncatalysed r a te s y v/hich assumes s 
i s  small and constan t fo r  each l i n e .  The f i t  i s  seen to  be q u ite  good.
The a c tiv a tio n  energy of the ca ta ly sed  re ac tio n  i s  found to  be about
—1 —1 46 kJ.mole~ (11 kcal.mole"* ) .  The values of s corresponding to  each
le v e l  of doping w ith c a ta ly s t  cannot be obtained w ithout some p r io r  know­
ledge of T . The da ta  of L‘Homrae[9] fo r  the platinum  ca ta ly sed  re a c tio n  s
of a g ra p h itised  carbon b lack  in  oxygen reproduce th a t  p a r t of f i g .  7 .2 (b ) •
-1to  the l e f t  of 1/T . His a c t iv a tio n  energ ies of. 42.2 kcal.m ole and 
-1 s25.4 kcal.m ole fo r  the ca ta ly sed  and uncatalysed  rea c tio n s  re sp e c tiv e ly
are  very  c lose to-one h a lf  those of Heintz and ParkerClO] of 89.8 kcal.m ole”' 
-1and 48.8 kcal.m ole re sp e c tiv e ly  which in d ic a te  a re a c tio n  w ell in to  the  
d if fu s io n a l c o n tro lled  regim eCH ],
1 2 4
log  k
•2 V +•2 ■A •6 •8
f i g .  7 .2  (a) Equation (7 .12) p lo tte d  fo r  the case E < f o r  v a rio u s  
va lues of s .
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f ig .  7*3 (a) Equation (7.13) p lo tte d  fo r  the case Ec < E a s -a  s e r ie s  
of iso therm s. The broken l in e  re p re se n ts  T = Tg and the 
. o th e r isotherm s rep resen t successive d iffe ren ce s  of 10“4 
in  1/T.
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• 7.3 (b) Equation (7.13) p lo tte d  fo r  the case Ec > Eu as a s e r ie s  of 
iso therm s. The broken l in e  rep resen ts ,T  = Ts and the  ^ 
o th e r isotherm s rep resen t successive d iffe re n c e s  of 10 
in  i / I .
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f i g .  7 .4  Data fo r  iro n  c a ta ly s ts  in  the re a c tio n  of G-9 n u c lea r  g rap h ite  
in  COp f i t t e d  to  the model. Data from Pointud and co-w orkers 
[8 ] .  *
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The methods used by Ileuchamps in  h is  in v e s tig a tio n s  of the ox idation  
of high p u rity  graphitesC5,12] provided da ta  in  a form su ita b le  fo r  
_ d ire c t  f i t t i n g  to  equation (7*13). These are shown in  f ig .  7 .5 . I n te r ­
po la ted  values of E and E were taken and a coincidence between theu c
c a lcu la ted  curve and the experim ental data  a t  the low est bum off
(minimum s) used to  e s ta b lis h  kQ. In  view of the methods which
Heuchamps used [l2 ] to  determine E1 the agreement i s  e x c e lle n t. The is o -
-3 -1therm corresponds to  a value of 1/T -  1/T of 0.4 x 10 K and thes
experim ental tem perature v/as taken  as 870 K (a t  the l im it  of the s ta te d
experim ental e r ro r )  so th a t  T i s  about 1330 K. The product r a t io ss
obtained in  the same work are shown compared to  the l in e  c a lc u la ted  from 
equation  (7.14) in  f i g .  7 .6 . The values of CO/CO  ^ f o r  the ca ta ly sed  and 
uncatalysed  rea c tio n s  were taken from the h ig h est and low est b u m o ff 
f ig u re s .  The f i t  to  the curve i s  not p a r t ic u la r ly  good but the assump­
t io n  regarding the independence of the product r a t io s  f o r  ca ta ly sed  and 
uncatalysed  re a c tio n  i s  not e s ta b lish e d  anyway. I t  i s  in te re s t in g  th a t  
. the form of the c a lcu la te d  curve in  f i g .  7.6 i s  independent of the value
of 1/T -  1/T ( i . e .  independent of the experim ental tem peratu re), so th a ts
a  very  much la rg e r  number of experim ental p o in ts  could be used than  might 
otherw ise have been p o ss ib le .
7 .5  The O rigin of the Compensation E ffec t
The compensation e f fe c t  i s  the f i r s t  q u a n tita tiv e  l in k ' in  carbon 
ox idation  reac tio n s  between the ca ta ly sed  and uncatalysed  r a t e s .  I t  i s  
a lso  the w idest reaching l in k  between d if fe re n t  c a ta ly s ts  and suggests a 
common mechanism. Several p o ssib le  o rig in s  have been d iscussed  to  /
exp la in  i t s  ex istence  in  o th er system s[63 some of which may be re le v a n t 
to  carbon re a c tio n s . In  considering  i t s  o r ig in  i t  may be u se fu l to  b ea r 
in  mind th a t  the e f fe c t  has a lso  been observed in  o th e r carbon g a s i f i ­
c a tio n  reac tio n s  ' includ ing  the in h ib i t io n  of the graphite-I-IgO re a c tio n  by 
hydrogenC 13], the re a c tio n  of various coals w ith s team [l4 ], and the e f fe c t  
of high tem perature treatm ent on the ox idation  of high p u r ity  non- 
g ra p h itis in g  ca rb o n s[l5 ].
The most favoured general in te rp r e ta t io n  i s  the s i t e  d is t r ib u t io n  
theory  discussed by Creiner in  a rev iew [6]. In  f a c t  the model proposed 
here i s  a form of i t ;  two kinds of s i t e ,  operating  independently  and a •
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f i g .  7.5 Data from Heuchamps[5] (c ro sses) f i t t e d  to  equation  7.13 
(so lid  l i n e ) .
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f ig .  7#6 Data from HeuchampsC5] f i t t e d  (c ro sses)  to  equation  
(7*14) (so lid  l i n e ) .
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given f ra c t io n  of the t o t a l  re a c tio n  accounted fo r  by each kind of s i t e .  
U nfortunately  the s i t e  d is t r ib u t io n  theory as u su a lly  p resented  i s  not 
p a r t ic u la r ly  u se fu l as i t  does n o t, of i t s e l f ,  describe  the e s s e n tia l  
fe a tu re  of the compensation e f f e c t ;  why i t  should be th a t  changes in  E 
should be accompanied by changes in  A in  the same sense, be i t  f o r  in d i­
v id u a l s i t e s  o r re a c tio n s  o v e ra ll .  In  f a c t  fo r  a general development of 
the theory  an im p lic i t  r e la t io n  between A and E must be in c lu d ed .
In  the uncatalysed  graphite-CO^ rea c tio n  the  desorp tion  s tep  i s  
considered to  be ra te  d e te m in in g [1 6] . Armand and Lapujoulade[1 73 have 
d iscussed  the compensation e f fe c t  in  the desorp tion  of gases from m etal 
su rfa c e s . They concluded th a t  the most l ik e ly  exp lanation  l i e s  in  the 
abso lu te  ra te  theory  expression  fo r  d eso rp tio n [1 8 ]:
fkT 4= v „ = c —  —  exp-1 a h f  ra (-ij)  <7-16)
v/here v . i s  the desorp tion  r a te ,  c a co n cen tra tio n  te rn ,  k B oltzann’s — I a
co n s ta n t, h P lanck’s co n stan t, and f  and f  the grand p a r t i t io n  func-4* a
t io n s  of the desorbed and adsorbed s ta te s  re sp e c tiv e ly . Both f x and f-t* a
include the p a r t i t io n  fu n ctio n s fo r  t h e .so lid  which are  u su a lly  ignored 
(assumed to  c a n c e l) . In  g ra p h ite , however, one of the v ib ra tio n  p a r t i ­
t io n  fu n c tio n s;
1 -  exp ( -  g ) 1  ( ? a 7 )f  =
V
i s  a sso c ia ted  w ith  a very low frequency, P ; the  in te r la y e r  v ib ra tio n  
p a r t i t io n  fu n c tio n . Por low frequencies  the d iffe ren ce  in  f  f o r  sm all 
d iffe re n c es  in  frequency can be q u ite  la rg e .  I t  i s  doubtfu l though i f  
th a t  alone could account fo r  the kind of v a r ia t io n  observed. I t  i s  
in te re s t in g  to  note th a t  the compensation e f fe c t  does no t r e la te  the  - 
d if f e re n t  k in e tic s  observed fo r  the recess io n  of m u ltila y e r  and s in g le  
la y e r  edge recess io n  in  the graphite-O ^ re a c tio n [1 9 ] . I t  has been 
suggested by G r i f f i t h s [ 2 0 ]  th a t  the form ation of peroxide lin k ag es  
between la y e rs  as a major fe a tu re  of m u ltila y e r  edge re a c tio n  may account 
f o r  the d iffe re n c e . In te ra c tio n  of b asa l plane la y e rs  in  the  ca ta ly sed  
reac tio n .co u ld  s im ila r ly  occur to  produce a dram atic e f fe c t  on X? .
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A fu r th e r  p o s s ib i l i ty  n o t .d iscussed  by Cremer i s  an equ ilib rium  
re a c tio n  immediately preceding the ra te  determ ining s tep  in  a m u ltis tep  
re a c tio n . Por example, in  the graphite-CO^ re a c tio n  scheme proposed by 
, Ergun and M entser[l6 ];
K
CO + c c  CO + c (o )
/  2 (7 .18 )
K
C(o)  CO
the thermodynamic param eters a sso c ia ted  w ith 'th e  equ ilib rium  s tep  could, 
in  some circum stances, appear in  the o v e ra ll r a te  exp ression . At steady  
s ta te
= ^ [ c o 2][c f ] -  k2Co(o)]Cco] -  ^ [ 0 ( 0 ) ]  = 0 (7*19)
rearrang ing  and p u ttin g  the t o t a l  con cen tra tio n  of s i t e s ,  CC^ H, as equal 
to  the sum of the concen tra tion  of f re e  s i t e s ,  LC^], and co n cen tra tio n  of 
s i t e s  occupied by surface  oxide, E c(o)], then
k [CO ][C ]
. = kgLCOj + + ^ [ C O g J
The ra te  i s :
, r^nl fck  [COjCC,]
rate = " a t = ^ 0 (0 )] = k I'coJ + k + k tco '} (7 . 2 0 )
and i f  the deso rp tion  s tep  i s  r a te  determ ining, i . e .  k^[CO^] k^ and 
k0Cc(o)3 »  k then<L $
d[QQ] _ k3k1 ^  ; = . , v
d t k LCO] + k.LCO ] 1 [CO] (7 .21)
2 1 2 1 + ITcoJ
v/here K i s  the equ ilib rium  constan t of the eq u ilib riu m . There a re  two
extreme cases *
i) if ^ • f « 1 >
ra te  = k^Cc^ = exP ( “  r t )
and i i )  i f  7777-  • ~r »  1
. k
s u b s ti tu tin g  G- = AH -  TAS = -.'ED In  K
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4* ■ w  (if)"1 (7-22)
! ‘
where E- i s  the a c tiv a tio n  energy of the desorp tion  stop  and AH and AS
ithe enthalpy and entropy changes in  the equ ilib rium . Both equations 
have the A rrhenius form. I f  the reac tio n  were c a rr ie d  out in  the 
presence and absence of CO a d iffe ren ce  in  o v e ra ll a c tiv a tio n  energy 
should be observed and a d iffe ren ce  in  the observed pre-exponents such 
th a t
A log  A = exp (as/a) . /  CO V 1  , N
4 E  H [  CO2}  W .o ;
Keep[2l] has stud ied  the re a c tio n  in  CO/CO2 m ixtures and f in d s  a 
d iffe ren ce  in  a c tiv a tio n  energy of 36 kcal .mole"” . The d iffe ren ce  in  
log  A furtherm ore g ives values of ^ S  andAH which agree very  w ell w ith 
those given by Ergun and M entserCl6].
C: C'v- A,,.
/
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CHAPTER 8
THE MECHANISMS OR THE CATALYSED GASIFICATION OR CARBON
D espite  the  co n sid e ra b le  a t t e n t io n  they  have re c e iv e d , the mechanisms 
of th e  c a ta ly s is  of carbon o x id a tio n  s t i l l  p re se n t a g re a t  d ea l of d i f f i ­
c u l ty .  One g e ts  the  im pression  from th e  l i t e r a t u r e ,  though, th a t  
rev iew ers of the s u b je c t seem to  f in d  much more d i f f i c u l t y  than  au th o rs  
p re se n tin g  the r e s u l t s  of a s in g le  experim en tal in v e s t ig a t io n .  We might 
u s e f u l ly  determ ine why th a t  should b e . F or -many y ea rs  now two " th e o r ie s ” 
have been dominant in  th e  th in k in g  on the  mechanisms; the  s o -c a l le d  
" e le c tro n ic  th eo ry "  and the  " in te rm e d ia te  compound th e o ry " . In  th e  
e le c tro n ic  th eo ry  i t  i s  supposed th a t  e le c tro n s  in  th e  d e lo c a lis e d  TT-bond 
netw ork o r in  edge cf-bonds a re  p o la r is e d  under th e  in flu en c e  of th e  m etal 
so f a c i l i t a t i n g  detachm ent of carbon atom s. In - th e  in te rm e d ia te  compound 
th eo ry  th e  m etal i s  supposed to  form an in te rm e d ia te  oxide (o r ,  l e s s  l i k e l y  
a  c a rb id e ) which i s  th en  converted  to  the  m etal by the  carbon w ith  th e  
e v o lu tio n  of CO o r  CO^. A h yb rid  of th e se  i s  o c c a s io n a lly  co n sid e red  in  
which the  detachm ent of carbon atoms i s  f a c i l i t a t e d  by fo rm ation  of m e ta l-  
oxygen-carbon b rid g in g  g roups. Both of th e se  th e o r ie s  can be tra c e d  back 
th rough  the  l i t e r a t u r e  to  a  time when they  were a ls o  co n sid ered  as appro­
p r ia te  to  the  g e n e ra l f i e l d  of c o n ta c t c a ta ly s is  re a c t io n s  a lth o u g h , as we 
know, they  have s in ce  been e n t i r e ly  rep laced  in  th a t  f i e l d  by chem iso rp tio n  
th e o r ie s .  I t  should perhaps be p o in ted  out r ig h t  away th a t  n e i th e r  th e o ry  
has ev e r been a n a ly t ic a l ly  developed to  th e  p o in t where i t  could  be used 
f o r  the  q u a n t i ta t iv e  e v a lu a tio n  of experim en tal r e s u l t s  and up to  now 
n e i th e r  has s a t i s f i e d  what must s u re ly  be the  f i r s t  requ irem en ts of a  
th eo ry  befo re  i t  can be considered  u s e fu l;  th a t  i t  accoun ts  f o r  th e  
ex p erim en ta lly  e s ta b lis h e d  beh av io u r, th a t  i t  should d e sc rib e  system s n o t 
n e c e s s a r i ly  a lre a d y  in v e s t ig a te d  ex p e rim en ta lly , and th a t  i t  should  embody 
a means of d e f in i t iv e ly  te s t in g  i t s  v a l i d i t y .  • Most of th e  evidence which 
has been p resen ted  in  fav o u r of e i t h e r  mechanism has been in  th e  form of 
s e m iq u a n tita tiv e  c o r r e la t io n s .  T his i s  the  main source of d i f f i c u l t y ;  
c o r r e la t io n s  of t h i s  kind a re  sim ply n o t s u f f i c i e n t ly  d is c r im in a t in g . I t  
m ight be argued, f o r  example, th a t  su pport f o r  an in te rm e d ia te  compound 
type mechanism could  be claim ed i f  a c o r r e la t io n  were e s ta b lis h e d  betw een,
say , the  a c t iv a t io n  energy of the  c a ta ly se d  re a c t io n  and th e  s t a b i l i t y  of 
a p p ro p ria te  o x id es . H eintz and P arkerC l] a c tu a l ly  found such a c o rre la tio n . 
U n fo rtu n a te ly  th e  s t a b i l i t y  of an oxide i s  in e x tr ic a b ly  t i e d  to  th e  io n iz ­
a t io n  p o te n t ia l  of the  m e ta l, the  very  param eter w ith  which we would s e le c t  
a s  the  b e s t in d ic a to r  of the  m e ta l 's  a p p e ti te  f o r  e le c tro n s  i f  i t  were an 
e le c tro n ic  mechanism which we were t e s t i n g .  F urtherm ore, Bond[2] has shown 
a c lo se  c o r r e la t io n  between the  i n i t i a l  h e a ts  o f chem iso rp tion  o f oxides on 
m eta ls  and the  h e a ts  of fo rm ation  of th e  most s ta b le  oxide., y e t  chem isorp­
t io n  i s  g e n e ra lly  considered  to  be due to  an e le c tro n ic  in te r a c t io n  between 7.  ^
so rb a te  and su rfa ce  r a th e r  th an  due to  compound fo rm atio n . T his l in e  of 
approach i s  l i k e l y  always to  g ive r i s e  to  d i f f i c u l t y  and, even a t  r i s k  of 
being  w ithou t a  can d id a te  mechanism a t  a l l  f o r  th e  p re s e n t, perhaps both  
th e o r ie s  should be abandoned and a f r e s h  approach sough t.
As a f i r s t  s te p  we should survey what in fo rm atio n  re le v a n t  to  the  
d e ta i le d  mechanisms we a lre ad y  have . In  th i s  th e s i s  (c h a p te r  7) i t  has 
been shown th a t  a f a i r l y  s u b s ta n t ia l  p ro p o rtio n  of th e  r e s u l t s  o f b u lk  
o x id a tio n  s tu d ie s  can be in te r p r e te d  in  a  sim ple model in  v/hich th e  p ropor­
t io n s  of the  t o t a l  re a c t io n  due to  c a ta ly se d  and u n ca ta ly sed  r e a c t io n  a re  
tak en  in to  acco u n t. The model assumes th a t ,  as a  convenien t approx im ation , 
th e  r a te s  of c a ta ly se d  and u n ca ta ly sed  re a c tio n  have an A rrhen ius type 
dependence on tem peratu re  and assumes th a t  th e  f r a c t io n  of th e  su rfa ce  
g a s ify in g , by c a ta ly se d  re a c t io n  i s  n ever g r e a t ly  d i f f e r e n t  from  one ( i . e .  
c a ta ly s t s  a re  only  ev er a c tiv e  on a sm all f r a c t io n  of th e  a c t iv e  su rfa ce  
a r e a ) .  The model accounts f o r  bo th  th e  form of th e  tem pera tu re  dependence 
of th e  o x id a tio n  rates* of samples c o n ta in in g  a low le v e l  of im p u rity  and 
th e  com plicated  behav iour of h igh  p u r i ty  carbons as they  a re  burned o f f  to
a  h igh  l e v e l . '  A lthough i t  i s  l i k e ly  to  be of te c h n ic a l  v a lu e , f o r  th e  c,ry ;"
\ (
assessm ent of the  e f f e c t  o f im p u r i t ie s  on th e  perform ance of g ra p h ite s  in  
c o rro s iv e  environm ents, f o r  example in  gas-co o led  n u c le a r  power r e a c to r s ,  
th e  model i s  n o t a  chem ical mechanism in  the  form al sense of th e  word 
because i t  does n o t d esc rib e  th e  p ro c e sse s 'in v o lv e d  a t  the  m o lecu la r l e v e l .
I t  enables us to  e x tra c t the ca ta ly sed  and uncatalysed  re a c tio n  a c t iv a t io n  
energ ies from the r e s u l ts  of bulk ox idation  experim ents but i t  would now 
seem th a t ,  fo r  the most p a r t ,  the very  re fin ed  an a ly s is  of the kind th a t   ^
would be requ ired  to  g lean more m echanistic da ta  than th is  might be much too 
u n c e r ta in . Much more da ta  i s  requ ired  on a c tiv a tio n  energies-. Although
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most of the elements in  the period ic  ta b le  have been s tud ied  as c a ta ly s ts  
a t  one time or another a c tiv a tio n  energ ies have only been independently  
v e r if ie d  fo r  a handful of elem ents, ta b le  8 .1 .
Table 8 .1
A ctiv a tio n  energ ies fo r  the ca ta ly sed  graphite-C ^ 
re a c tio n  v e r if ie d  by independent la b o ra to r ie s
C ata ly st Method E (kcal .mole"^) Reference
Pb* bulk 37 3
e le c tro n  microscopy 30 th is th e s is  Ch.
Zn bulk 16 1
e le c tro n  microscopy 16 th is th e s is  Ch.
P t bulk 90 1
bulk-0' 42 5
e le c tro n  microscopy 85 6
Pd bulk - 125 1
e le c tro n  microscopy 101 6
Ni bulk 46 1
bulk 49 3
* one o ther by Rakszawski[4] of 1 kcal.m ole i s  low because of .
d iffu s io n a l co n tro l of the r a te .
** in -pore d if fu s io n a l c o n tro l, to  be m u ltip lied  by two to  o b ta in  chemical 
f ig u r e .
I t  i s  e le c tro n  microscopy which provides the inform ation which i s  
‘probably most re lev an t to  mechanisms. The most im portant genera l r e s u l t  
from e lec tro n  microscopy i s  the fa c t  th a t  the c a ta ly t ic  e f fe c t  i s  e n t i r e ly  
confined to  the area  of immediate co n tac t between the c a ta ly s t  p a r t ic le  and 
the g ra p h ite . This would seem to  in d ic a te  th a t  in te r f a c ia l  p rocesses play 
a dominant r o le .  The' in te r fa c e s  v/hich we need to  consider are  shown in  
f ig  8 .1 . Since oxygen, carbon and c a ta ly s t  are only a l l  p resen t a t  the 
th ree-phase l in e  in te r fa c e s  rep resen ted  by A and B in  the se c tio n  in  
f ig .  8 .1 , tra n sp o rt processes w ill  a lso  need to  be considered .
When the in te r fa c e  between the c a ta ly s t  and prism atic  su rface  i s  
broken, through p a r t ic le  coalescence or a change in  channelling  d ire c t io n , 
the c o n tra s t in  the e le c tro n  microscope a t  the re su lt in g  g rap h ite  s tep  i s  
sharp in d ic a tin g  th a t  the in te rfa c e  i s  perpend icu lar to  the b a sa l p la n e . 
Oxygen tra n sp o rt to  th is  in te r fa c e  i s  th e re fo re  uniform . A c tu a lly , i f  i t  
were not we might expect not only th a t  the s tep  would be raked bu t a lso
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f i g .  8 .1  Schematic re p re se n ta tio n  of a sec tio n  through a channelling  
p a r t ic le  showing the main in te rfa c e s  of in te r e s t ;  a) b asa l 
s u rfa c e /0 2 , b) b asa l s u r fa c e /c a ta ly s t ,  c) p rism atic  s u rfa c e /  
c a ta ly s t ,  d) c a ta ly s t /0 2 , A) c a ta ly s t/b a s a l  su rfa c e /0 2 ,
B) c a ta ly s t/p r ism a tic  su rfa c e /0 2 .
th a t  i t  would ge t p ro g ressiv e ly  more raked and ev en tu a lly  the channel to  
become shallow er, which we know does not occur. There are two obvious 
means of studying tra n sp o rt p rocesses, one i s  vary the path le n g th , the 
o th er to  vary the amount of m a te ria l to  be moved. For some p o ssib le  t ra n s ­
p o rt processes these are conveniently  re la te d  to  the p a r t ic le  s iz e  and the 
depth of channel re sp e c tiv e ly . Recent s tu d ie s  by KemperC7] have shown th a t  
fo r  molybdenum c a ta ly s ts  the ra te  of channel propagation i s  in v e rse ly  pro­
p o rtio n a l to  the p a r t ic le  rad ius fo r  channels of equal depth and we know 
th a t  the ra te  of channel propagation i s  slow er fo r  deep channels than  fo r  
shallow ones, 4.4- I f  we suppose the p a r t ic le  i s  approxim ately hem ispheri­
c a l of rad ius r ,  c u ttin g  a channel of depth ( fa t  a r a te  1 , the amount of 
carbon g a s if ie d  p er u n it  tim e, d n /d t, i s
dn = 2 l r Sp . (4 .2 )
d t ‘ M "1
where M i s  the atomic weight of carbon and £ the d en s ity  of g ra p h ite . For a 
channel of constan t depth Kemper’s r e s u l t  in d ic a te s  th a t  d n /d t i s  constan t 
which means th a t  the ra te  of g a s if ic a t io n  i s  n o t p ro p o rtio n a l to  the a rea  of 
the c a ta ly s t/p r ism a tic  surface in te rfa c e  which in c reases  w ith  r ,  which i s  
unexpected. N eith er does i t  depend on tra n sp o rt processes on the  exposed
surface of the p a r t ic le  or i t s  in te rfa c e  with the b asa l plane the a reas of 
which increase  w ith r^ , or on the r a t io s  of these areas w ith the a rea  of 
the reac tiv e  in te rfa c e  area  which increase  w ith r .  Very re c e n tly  Baker[6] 
has obtained measurements of the ra te  of channel propagation, 1, on the 
channel depth fo r  palladium  c a ta ly s ts  and fin d s  th a t  1 i s  a lso  in v e rse ly  
p roportional to  S . These are  as y e t i s o l a t e d  r e s u l ts  and v /ill  req u ire  
v e r i f ic a t io n  w ith o ther c a ta ly s ts  but the im p lica tio n  i s  f a i r l y  c le a r  th a t  
the amount of carbon oxidised in  u n it  time i s  the same fo r  a l l  channelling  
p a r t ic le s  of the same com position under the same cond itions i r re s p e c t iv e  - of 
s iz e .  The only o th er r e s u l ts  av a ilab le  on the e f fe c t  of p a r t ic le  s iz e  and 
channel depth on propagation ra te s  are H ennig's measurements on gold 
c a ta ly s ts [8 ]  but since they are only r e la t iv e  and not abso lu te  r a te s  they 
are  no t easy to  in te r p r e t .  C learly  more work i s  requ ired  on the e f f e c t  of 
p a r t ic le  s ize  and channel depth on channel propagation r a te s .
A ctiv a tio n  energ ies obtained by e lec tro n  microscopy fo r  both the 
ca ta ly sed  and the uncatalysed re a c tio n s  are in  ex ce llen t agreement w ith 
those from bulk experiments f o r  a l l  the c a ta ly s ts  fo r  which i t  i s  possib le  
to  compare, ta b le  8 .1 , except molybdenum[7], even though the p ressu re  ranges 
used in  the two techniques are very much d iffe re n t, which would imply th a t 
the a c tiv a tio n  energy i s  not s e n s itiv e  to  p re ssu re . Kemper[7] has a lso  1 
shown th a t  the a c tiv a tio n  energy f o r  molybdenum c a ta ly s ts  i s  no t s e n s itiv e  ,,„• 
to  p a r t ic le  s iz e  and Baker[6] has found th a t  a c tiv a tio n  energ ies  f o r  the 
uncatalysed  re a c tio n  and the Pd and P t ca ta ly sed  reac tio n s  do no t depend on 
the le v e l of w ater vapour, although w ater in c reases  the ra te  of the Pt
ca ta ly sed  re a c tio n , decreases the uncatalysed ra te  and does no t change the
Pd ca ta ly sed  r a te .  The data  on the ca ta ly sed  rea c tio n s  in  are  in te r e s ­
t in g  when compared to  those in  C>2 a ls o .  Por a number of c a ta ly s ts ,  though 
not a l l  i t  seems, Magne and DuvalC^] found the ca ta ly sed  re a c tio n  in  the 
two gases to  be the same ( fo r  Co, Cu, Na, Ag and Cd c a ta ly s ts )  bu t the
ex ten t to  which they increase  the r a te  i s  d i f f e r e n t ,  ta b le  8 .2 .
Our knowledge of the orders of re a c tio n  i s  s t i l l  h o p e lessly  inadequate; 
the order of the uncatalysed re a c tio n , although widely be lieved  to  be one, 
i s  s t i l l  not p roperly  e s ta b lish ed  over a wide range of p ressu res  and the 
determ ination  of the order fo r  the zinc ca ta ly sed  re ac tio n  obtained  here i s  
the only order f o r  a ca ta ly sed  re a c tio n  a v a ila b le .
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T a b le  8 . 2
Comparison of c a ta ly t ic  e f fe c ts  of m etals in  the 
re a c tio n  of SPI g rap h ite  w ith a i r  and N2O 
(After. Ivlagne and Duval[ 3] )
C a ta ly s t
N2/ 0 2 n2o
kc/k u E fccAu E
Co 39,400 42 170,000 43
Ag 14,300 33 57,300 32
Ni 449 49 5,700 44
Cu 2,860 44 17,400 44
Na 15,200 35.5 123,000 35.5
Ba 1,090 40 7,820 35
Cd 2,480 43 5,000 42.5
Pb 2,070,000 36.6 49,600 26.8
Cr 108,500 42 3,980 37
Mh ' 17,200 39 12,150 36.5
U 14,300 47 *18,000 40
With most of the re lev an t experim ental data, assembled i t  i s  c le a r  th a t  
the r ig h t kind of d a ta  fo r  so lv ing  the mechanisms are only ju s t  becoming 
av a ilab le  and much more w il l  be requ ired  before the question  of mechanisms 
can be approached w ith  confidence. But th a t  does not deny us the r ig h t  to  
specu la te  on the form of the mechanisms p ossib le  in  the l ig h t  of what we do 
have. The r e s u l t  which, i f  confirm ed, i s  l ik e ly  to  most in flu en ce  our 
th ink ing  on mechanisms i s  th a t  the ra te  of lo s s  of carbon i s  the same fo r  
a l l  c a ta ly s t  p a r t ic le s  i r re s p e c tiv e  of s ize  and, more im portan t, i r r e s ­
pective  of the area  of con tac t between the c a ta ly s t  and the g ra p h ite . This 
v i r tu a l ly  e lim in a tes  tra n sp o rt processes a sso c ia ted  w ith the p a r t ic le  s u r ­
face as being ra te  d e tem in in g  and tends to  p o in t to  the re s e rv o ir  of 
mobile chemisorbed oxygen on the b asa l plane su rface  of the g ra p h ite  as 
the source of oxygen fo r  re a c tio n . In  such a p o s tu la te  i t  must be assumed 
th a t  the m ob ility  of th i s  oxygen i s  not veiy  tem perature s e n s it iv e  bu t i s  ' j  
s e n s itiv e  to  the presence of o th e r chemisorbed .sp ec ie s , such as w ater 
vapour. The ra te  a t  which th i s  oxygen then reacts, a t  the c a ta ly s t /g r a p h i te
in te rfa c e  i s  assumed to  be s tro n g ly  tem perature dependent in  ca ta ly sed  
re a c tio n s . The id ea  th a t  the a v a i la b i l i ty  of th i s  mobile chemisorbed 
oxygen can co n tro l the ra te  i s  not new. F eates used i t  to  ex p la in  the 
production of n o n -tan g en tia l double rin g s  in  the e tch -d eco ra tio n  of i?jf,
G ( /n a tu ra l vacancies in  chlorine-oxygen m ix tu res[93 . Once a t  the c a ta ly s t -  ^  
g rap h ite  in te r fa c e  the oxygen detaches a carbon atom and tra n s fe r s  i t  to
{y'jr\
the m etal surface  as some carbon-oxygen chemisorbed species such as CO and 
th i s  i s  the s tep  which accounts f o r  the high a c tiv a tio n  energy. I t  i s  
assumed th a t  the a c tu a l detachment s tep  which i s  r a te  determ ining and th a t  
the m etal does th i s  w ith the f u l l  p a r t ic ip a tio n  of the oxygen. There are 
sev era l reasons why th is  should be considered so . I t  i s  well-known th a t  
carbon does not move re a d ily  a t  ord inary  tem peratures on carbon su rfaces; 
even the most a c tiv e  carbons do no t undergo s tru c tu ra l  re o rg a n isa tio n  on 
prolonged hea t treatm ent a t  modest tem peratures. Several m etals are  very 
e f fe c tiv e  c a ta ly s ts  but do no t d isso lv e  carbon to  any ap preciab le  ex ten t  ^
and i t  has been shownClO] th a t  carbon does not m igrate on molybdenum *
su rfaces  un less  in  a sso c ia tio n  w ith oxygen. The ca ta ly sed  re a c tio n s  are 
s l ig h t ly  an iso to p ic , 2 .7 .2 . ,§ 5 .2 .2 . ,  and so the co n fig u ra tio n  of the 
carbon atoms makes a d iffe ren ce  in  the ra te  c o n tro llin g  s te p . The most 
l ik e ly  mechanism now would seem to  be the t r a n s f e r  of carbon through the 
in te rm ed ia te  form ation of a m etal-oxygen-carbon bridge t r a n s i t io n  s ta te ,  
a p o s tu la te  considered many tim es beforeCs, 313 . There are  two d i f f i c u l t i e s  
s t i l l  to  be reso lved , however; how the re a c tio n  proceeds in  the  un ca t­
alysed  re a c tio n  and the form ulation  of the bond rearrangem ents which detach 
the carbon atom. In  the uncatalysed re ac tio n  th e re  i s  the q u es tio n  of 
whether the form ation of b ridg ing  groups between two la y e rs  i s  a dominant 
fe a tu re  a f fe c tin g  the k in e tic s  and f o r  which more of the  experim ents 
c a r r ie d  out by G r if f i th s  on the ox idation  of s in g le  la y e r  stepsC lS], p a r t i ­
c u la r ly  w ith are needed. The same question  could a lso  be asked of
the ca ta ly sed  re a c tio n . The fo rm ulation  of the bond rearrangem ents w il l  
be necessary  i f  the mechanism i s  to  be te s te d  and extended by th e o re t ic a l  
means. The le a s t  re a c tiv e  carbon atom w il l  be a ttached  to  the  body of the 
g rap h ite  c ry s ta l  by two cr bonds, both of these must be broken and the 7T 
bond s tru c tu re  perturbed  to  detach the carbon atom; f ig s .  2 .3 . ,  2 .4 . ,  
and 2 .5 . ,  and on the two d if f e re n t  p rism atic  faces the order in  which the
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atoms are detached can be w r itte n  in  severa l ways so th a t  the two faces  
can be made/to behave c lo se ly  s im ila r ly  or markedly d if f e re n t ly  on paper, 
The most im portant questions from th is  th e o re t ic a l  standpoin t must be 
whether the concerted breaking of two bonds i s  l ik e ly  and i f  no t v/hat the 
order of bond breaking and the in te im ed ia te  s ta b le  t r a n s i t io n  s ta te s  
would be, and whether i t  i s  p o ssib le  fo r  paired  atoms to  be detached from 
the {112 £ }  face of g raph ite  and broken down subsequently on the  surface  
of the m etal.
We obviously have a long way to  go in  the m echanistic s tu d ie s  of 
both ca ta ly sed  and uncatalysed g a s if ic a t io n  re a c tio n s  of carbon, but have 
a lso  come a  long way to o . In  the past a g re a t deal of experim ental work 
has been c a rr ie d  out in  which the r e a l  o b jec tiv es  do no t appear to  have 
been c le a r ly  s e t  out and a g re a t deal of sp ecu la tiv e  d iscu ssio n  of 
mechanisms based on too narrow a  range of types of experim ents. For those 
who r e a l ly  d es ire  to  crack v/hat i s  a somewhat awkward nut th e re  i s  now a 
v a s t range of techniques in  the e x p e r im e n ta lis t 's  a rse n a l, e sp e c ia lly  f o r  
surface s tu d ie s . The surface which looks to  be a l l  im portant, the 
g rap h ite /m eta l in te rfa c e  (and the m olecular species on i t ) ; represents ■ a 
problem a b i t  out of the o rd inary  but w ith a l i t t l e  ingenu ity  i t  i s  
po ssib le  th a t  many of the im portant d e ta i l s  of the re ac tio n  could be 
c leared  up q u ite  qu ick ly . The su b jec t appears to  have a f u l l  an d . ex c itin g  
fu tu re .
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(Reprinted from Nature, Vol. 243, No. 5407, pp. 401-402, 
June 15, 1973)
Compensation Effect and 
Experimental Error
Banks, Damjanovic and Vernon1 suggest that the observed 
compensation effect in the rates of some biological processes 
might be wholly artefactual. Their argument is one which 
would also apply to systems of purely chemical interest and 
raises the question of whether, in the inevitable presence of 
experimental errors, a true compensation effect is ever 
observable.
I use the term compensation effect to describe the systematic 
variation of the pre-exponential factor, A, with the activation 
energy, E, in the Arrhenius equation
k = A  exp(—E/RT) (1)
often observed for a series of similar reactions. Here k  is the 
specific rate constant, T  the temperature and R the gas con­
stant. When a variation is observed, it is usually2 found to 
have the form
log A =  —------------hlog k0 (2)
2.303RTS
the parameter Ts has units of temperature and corresponds to 
the temperature at which all the reactions of the series proceed 
at the same rate, k0.
Cremer3 discussed the possibility that compensation effects 
may arise out of experimental errors. For simplicity I consider 
separately the effect of uncertainties in E  and k  on log A. 
Rearranging equation (1) and taking logarithms
E
\ogA  = \o g k +  -----------  (3)
2.303R T
For an uncertainty 8E  in E  there will be an associated un­
certainty 8 log A in log A :
E ± § E
log A ± 8 log A =  log AH---------------------------- (4)
2.303RT
Comparing this with equation (2) it is seen that the range of
60OJ E +&E T , 
2.303RT ^Log A ± 6 Log A =
Lo^A ~ 2.303RT, + Log/:<
] 26 log k
E
Fig. 1 Range of expected compensation effect in the presence of 
experimental error.
values of E ±  8E and log A ±  8 log A are related by a compen­
sation effect with Ts=  T. But the uncertainty in log k of 8 log k 
has an associated uncertainty in log A of identical magnitude 
independent of E. In a plot of experimentally observed values 
of log A and E  for a particular reaction, therefore, the experi­
mental temperature determines the slope and the uncertainty 
in log k  determines the scatter. The fit to the compensation 
effect plot is independent of the uncertainty in E, as was found 
by Banks, Damjanovic and Vernon1, but the spread of activa­
tion energies covered by it is only 281s. Because it is k  which is 
measured experimentally and 8 log k  which is responsible for 
the scatter, compensation effect plots of this kind would 
usually appear to be obeyed very well.
I now consider the experimentally observed compensation 
effect for a series of reactions in which E  and A are intrinsically 
related by equation (2). Taking 8E  and 8 log k  as the uncer­
tainties in E  and log k  as before,
E SE
log A ± 8 log A = ---  ± -------- h log k0 ±  8 log k  (5)
RTS R T
This represents an area in the compensation effect plot bounded 
by the envelope of all of the compensation effects due to 
errors in E  and log k  for all the individual reactions. The shape 
depends on the relative magnitudes of T  and Ts in equation (5) 
and on the relation between 8E and E. In Fig. 1 I show the 
case where 8 E  is proportional to E. Clearly as T  approaches 
Ts the fit to equation (2) improves, and when 7V= T  the magni­
tude of 8F becomes important.
I conclude that if the range of an experimentally obtained 
compensation effect exceeds twice the uncertainty in the activa­
tion energy then there probably exists an intrinsic relation 
between A and E. In the absence of large systematic errors the 
parameter Ts is obtained from the slope of the compensation 
effect plot. Only the quality of the plot is dependent on the 
magnitudes of the errors and it is the uncertainty in E  which 
assumes greatest importance at temperatures much different 
from Ts.
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R e p ly  to Boon and to Harris: We are well aware that the so- 
called compensation law behaviour has been observed in the 
case of the electrical behaviour of semiconductors, and as we 
indicated, may not be wholly artefactual in some cases in 
physical organic chemistry. We were merely concerned to show 
that the experimental data on the denaturation of proteins 
and the thermal death of viruses and microorganisms cannot be 
used to adduce compensation law behaviour in these cases. 
The linearity of the plot of AH* against AS* arises wholly from 
the near constancy of the left hand side of the equation used in
\
calculating A S * from values of AH* which vary between 10 
and 200 kcalorie mol-1. It is unlikely that the uncertainty 
in the experimentally determined activation energies for protein 
denaturation is greater than half the range over which com­
pensation law behaviour is observed so the analysis put forward 
by Harris does not seem to cover all cases where compensation 
law behaviour is artefactual.
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Abstract—T he catalytic activity of zinc in the gasification of single crystals of graphite has 
been studied by a controlled atmosphere electron microscopy technique. Continuous 
observation showed that catalyst particles are only active when in contact with steps on the 
cleavage surface of the graphite crystal and cut channels into the steps. Quantitative 
estimates of channel propagation rates as a function of oxygen pressure and tem perature 
have been obtained. It is suggested that the catalyst composition is close to ZnO.
1. INTRODUCTION
A major fraction o f the elements in the peri­
odic table is known to influence the rate o f  
gasification o f carbon in oxidising environ­
ments [1-3]. In recent years several workers 
have used optical [4,5] and electron [6-8] 
microscopy to investigate the action o f dis­
persed metals and their salts on the gasifica­
tion o f well characterised graphites.
These studies have shown that the un­
catalysed graphite-oxygen reaction proceeds 
mainly by the loss o f carbon from step edges 
on basal planes causing the steps to recede 
[5]. Many catalysts operate by altering the 
rate o f edge recession [4,8]. The catalyst is 
usually found to be present as discrete par­
ticles and its action is limited to the catalyst- 
graphite interface. When the catalysed edge 
recession rate is faster than the uncatalysed 
rate the catalyst particle follows the recession 
o f the length of step it occupies and appears 
to cut a channel into the step. Knowledge o f  
the mechanics o f channel formation is limited 
and there is a need for quantitative data on 
catalysed and uncatalysed edge recession 
rates, and the dependencies o f these rates on
temperature, pressure, catalyst particle size, 
channel depth or step height, extent o f reac­
tion, and anisotropy factors.
In the present work controlled atmosphere 
electron microscopy (CAEM) has been used 
to obtain both qualitative and quantitative 
information on several catalysed graphite- 
oxygen systems and in this paper we report 
on the zinc catalysed graphite-oxygen reac­
tion.
2. EXPERIMENTAL
Controlled atmosphere electron micro­
scopy (CAEM) is a technique which allows 
continuous observations to be made o f  the 
graphite crystals at high temperatures in a 
gas atmosphere. It is fully described else­
where [9] and only a brief account is necessary 
here. Transmission specimens o f  graphite 
single crystals were mounted on silica coated 
platinum heater ribbons and zinc applied to 
the graphite surface. These specimens were 
then mounted in the controlled atmosphere 
specimen cartridge and examined in a JEM 
7A electron microscope and observed con­
tinuously whilst exposed to oxygen at elevated
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temperatures. The electron microscope image 
was focussed onto a high sensitivity television 
camera and recorded on video-tape. The 
micrographs shown here were obtained by 
photography o f the video image displayed on 
a TV monitor.
2.1 Materials
Natural single crystal graphite was obtained 
from Ticonderoga, New York State. The 
crystals were released from the pyroxene 
mineral in which they were embedded by the 
method described by Hennig[10]. They were 
first cleaved between glass slides coated with 
‘Durofix’ polystyrene cement, and then 
released and washed with ‘Analar’ acetone. 
The crystals were mounted on glass slides 
with aqueous polyvinylpyrrolidone (PVP) 
adhesive. The PVP was allowed to dry and 
the crystals further cleaved with scotch tape. 
Successive layers were removed until an opti­
cally transparent portion o f  the crystal re­
mained affixed to the slide. Such crystals were 
good electron transmission specimens. The 
cleaved crystals were released from the slide 
onto a clean water surface and picked up on a 
sapphire plate. They were then heated in 
vacuo (5 X 10-2 Pa) at 1200°K for 20 min and 
finally floated onto water and quickly picked 
up on the microscope specimen heater 
ribbons and dried.
A dispersion o f zinc was obtained by ultra­
sonic agitation o f granules o f the metal in 
acetone for 10-15 min. One or two drops o f 
this suspension were applied to the graphite 
crystal on the heater ribbon. For the few 
experiments using vacuum evaporated metal, 
a small fragment o f zince was vacuum sub- 
limefd at 850°K from a tungsten foil onto the 
specimen at a residual pressure o f 2-6 mPa.
In some early experiments the introduction 
o f zinc had been inadvertant. During experi­
ments on ostensibly clean graphite crystals, 
a contaminant which was seen to build up on 
the surface was later traced to vapour trans­
port o f  zinc from brass components o f the 
specimen heater. In later experiments the
metallic components o f the heater were coated 
with a 50/50 S i0 2/Si mixture and this treat­
ment provided an effective barrier to diffusion 
o f metals onto the graphite surface.
Oxygen was obtained from BOC Ltd with 
a purity o f >  99 per cent and was used with­
out further purification. Gas pressures were 
measured on an Alphatron gauge to an accur­
acy o f about 5 per cent. Specimen tempera­
tures were measured by a Pt/Ptl3%Rh 
thermocouple, spot welded to the heater 
ribbon and in close proximity to the specimen. 
Reaction times were 30 to 60 min. The video 
record was transferred to 16 mm film and 
quantitative analysis carried out o f the pro­
jected image frame by frame.
3. RESULTS
When graphite specimens were heated in
2-63 kPa oxygen in the presence o f zinc, 
catalytic oxidation o f the graphite was ob­
served to commence at 1000°K. The catalytic 
effect o f the zinc was characterised by the 
formation o f irregular channels in the 
graphite basal plane. Each channel possessed 
a particle at its head and in all cases the chan­
nel was observed to start at some discernable 
step, the height o f which was always greater 
than or equal to the depth o f the channel. 
Once activated a particle would remain so 
for all the time that contact was maintained 
with the step which constituted the head of 
the channel. Loss o f channelling activity only 
occurred if  this contact was lost. The most 
common situation in which this occurred was 
if  the particle crossed a region o f channel 
which it had already formed and proceeded 
to attack the island o f graphite left behind 
(Fig. 1). This often left the particle so excited 
that it merely vibrated in the depression it 
had produced and did not attack the sides o f  
it. That steps were necessary for catalytic 
channelling to occur is illustrated in the 
sequence (Fig. 2). Termination o f activity o f a 
catalyst particle by the mechanism described 
above has occurred and the particle vibrates 
widely within the confines o f the pit (a).
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Fig. 1. Deactivation of particles by loss of contact 
with edges.
Meanwhile, uncatalysed oxidation at a step 
proceeds until a new step edge appears in the 
bottom o f the pit occupied by the particle, 
(b), where the particle comes to rest. Activity 
is not regained, however, until the receding 
step undermines the particle, (c) and (d). At 
this temperature metal particles not in con­
tact with edges or steps moved freely across 
the basal plane but remained catalytically 
inactive until they encountered one o f these 
structural features.
The rate o f  progress o f a channelling par­
ticle was dependent both on its size and on 
the depth o f channel it produced. In general 
small particles moved more rapidly than 
larger ones for a similar channel depth, and 
during any given channelling sequence the 
particle size remained constant provided that 
agglomeration by collisions with other par­
ticles did not occur. Figures 3(a) and 3(b) 
show the way in which a particle changed 
velocity as the depth o f the channel altered. 
In this case the particle was cutting a channel 
on an area where other particles had previ­
ously been active. Since channels were never 
seen to get perceptably deeper on areas o f 
uniform thickness the channel can be con­
sidered as operating on a base level and the 
change in depth is then determined by the 
surface relief o f  the graphite crystal as shown
in Fig. 3(c). It can be seen that the particle 
velocity changed by an order o f magnitude 
as it encountered extremes in the height o f  
steps at which the catalyst was active.
The rate o f  progress o f a particle was ob­
tained from frame by frame measurements 
o f a cine film taken o f the video record o f  
individual experiments. From these measure­
ments it was possible to determine that the 
rate o f propagation o f a channel was inde­
pendent o f direction to within the limits o f  
experimental error (5 per cent) at all tempera­
tures. Straight sections o f  channels were 
occasionally observed to constitute the sides 
o f 60° triangles, indicating some effect o f the 
structural anisotropy o f the graphite. The 
variation in rate o f channel propagation was 
also determined as a function o f temperature 
and pressure. To allow for the effect o f par­
ticle size and channel depth on rate, these 
measurements were determined for particles 
o f ~  60 nm diameter propagating channels o f  
similar depth. The rate o f uncatalysed reac­
tion was obtained by measurement o f  the 
rate o f  recession o f unoccupied lengths o f  
steps and from the recession o f the steps which 
constituted the sides o f channels. Figure 4 
shows the ratio o f the catalysed rate (progress 
o f a particle) and uncatalysed rate (rate o f  
channel widening or edge recession) at 5-4 
kPa 0 2 plotted as a difference log Arrhenius 
equation o f the form
log log kc =  log A u -  log Ac -  (~ ^ " )  (!)
where EU~ E C, the difference in activation 
energy for uncatalysed and catalysed reac­
tion, is obtained from the slope o f the line in 
Fig. 4 and is 141 ±  7 kj mole-1. Figures 5 and 6 
show Arrhenius plots o f the individual rates 
o f uncatalysed and catalysed reactions res­
pectively, which yield values for £ M= 2 0 1 ±  
20 kj mole-1 and Ec =  70 ±  7 kj mole-1. As the 
points used in these determinations were 
obtained from several different experiments 
and small differences in specimen position in
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Fig. 4. Arrhenius plot of ratio of catalysed to un­
catalysed rates at 2-63 kPa oxygen.
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Fig. 5. Arrhenius plot o f uncatalysed rate at 2-63
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kPa oxygen.
the electron microscope can give rise to errors 
in the magnification calibration, the value o f 
E u — E c is considered to be more reliable than
1-4-
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1-0-
1000-950-85 0-90
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Fig. 6. Arrhenius plot of catalysed rate at 2-63 kPa 
oxygen.
the individual values o f Eu and Ec. The varia­
tion with oxygen pressure o f the ratio o f 
catalysed and uncatalysed rates at 1075°K is 
shown in Fig. 7.
The catalysts prepared by ultrasonic dis­
persion and those from vapour transported 
zinc contamination behaved identically. The 
metal particles deposited by vacuum sublima­
tion did not show any catalytic activity and, 
during an experiment, were slowly lost by 
volatilization.
4. DISCUSSION
Previously quantitative data on the cata­
lysed graphite-oxygen reaction have been 
obtained from bulk gasification experiments 
using ostensibly pure graphite impregnated 
with known impurities [1-3,11]. These yield 
composite rates which must be resolved to 
obtain the rate o f catalysed reaction. The 
advantage o f the CAEM technique is that it 
allows one to obtain rate data for catalysed 
and uncatalysed gasification from adjacent 
regions o f the same graphite crystal.
Fig. 2(a, b).
[Facingpage 28 j
Fig. 2(c, d).
Fig. 2. Reactivation of a particle by creation of new edges by 
uncatalysed recession of steps at 1000°K in 2-63 kPa oxygen. Time 
interval between each frame is 20 sec (catalyst particle is indicated 
by the arrows).
(b)
C h a n n e l s
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V e r t i c a l  s c a l e  a r b i t r a r y
( c )
Fig. 3. (a) Variation o f dep th  o f a channel due to surface 
relief o f crystal, (b) Schematic diagram  o f same area indi­
cating the m easured rate o f progress o f the channelling 
particle in each region, (c) Cross-section from  A to B. T he 
num erical values are the rate o f channel propagation in 
n m sec-1.
ATMOSPHERE ELECTRON MICROSCOPY STUDIES OF GRAPHITE GASIFICATION-I 29
25
20
P0 Jk P0)
Fig. 7. Variation of ratio of catalysed to uncatalysed 
rates with oxygen pressure at 1000°K.
The rate o f the uncatalysed graphite- 
oxygen reaction has been determined before; 
by optical microscopy by Thomas [5] and by 
electron microscopy by Fryer [7]. The agree­
ment in activation energy obtained here, 
201 ±  20 kj mole-1, with these is poor; Thomas 
obtained a value 249 ±  8 kj mole-1. This value 
does agree, however, with results sometimes 
obtained in bulk experiments, e.g. Heintz and 
Parker [2] obtained an activation energy o f 
204 ±  14*5 kj mole-1. The activation energy o f  
the catalysed reaction has not been obtained 
directly by microscopy before for any catalyst. 
The agreement between the activation energy 
obtained here and that found by Heintz and 
Parker, 66-5 ±  7 kj mole-1, from bulk experi­
ments [2] is excellent.
From equation (1) and Fig. 4 it is seen that 
the increase in activation energy in passing 
from a catalysed to an uncatalysed reaction is 
accompanied by an increase in the pre­
exponential factor. This phenomenon is 
widely encountered in heterogeneous cataly­
sis and is termed the ‘compensation effect’
[12]. Important to the understanding o f the 
compensation effect is the isokinetic tempera­
ture, Ts, at which both reactions occur at the 
same rate, i.e. when log ku— log kc in equation 
(1) is zero. In the present system this occurs at 
Ts =  1370°K. The immediate implications o f  
the existence o f a compensation effect is these 
reactions is discussed elsewhere [13].
The technique used here is the only method 
currently available by which the order o f  
reaction o f the catalysed and uncatalysed
reactions can be compared directly. I f  each
rate dependence on pressure is assumed to 
have the form
rate =  ap^2 (2)
then the ratio o f  the rates is given by
rate ratio =  — pin~m) (3)
ac °2;
where n and u apply to uncatalysed reaction 
and m and c to catalysed reaction. Since the 
plot is a straight line the difference in order, 
(n-m), is probably one. There is, however, a 
strong possibility that neither reaction occurs 
with integral order and this result is remark­
able.
A problem which is frequently raised with 
regard to catalysis o f  the graphite gasification 
is the chemical nature o f the catalyst. Zinc is 
appreciably volatile at relatively low tempera­
tures (vapour pressure =  0-915 kPa at 800°K 
[14]) and the loss o f zinc from vacuum de­
posited films o f the metal is not surprising. 
The catalysts prepared by ultrasonic disper­
sion or which appeared by vapour transport 
from the specimen heater components were 
found to persist for the duration o f an experi­
ment even at the highest temperatures. Zinc 
metal vapour is unstable in the presence o f  
oxygen
2(Zn) +  (0 2) -> (ZnO) AG° =  -5 0 2  kj mole-1 
at 700°K[14] and would tend to nucleate from
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the vapour as oxide in such an environment. 
The material dispersed in acetone did not 
appear as particles from the beginning o f an 
experiment, but nucleated from a diffuse film 
indicating that the zinc was probably taken 
up into solution during the dispersion. The  
most likely form for the zinc under these 
circumstances is as the pinacolate, which 
would decompose on heating to form ZnO. 
Thus the active catalyst species probably had 
an overall composition close to ZnO.
T he knowledge o f absolute linear rates o f  
channel propagation allows us to compare 
these with rates o f other processes which are 
amenable to calculation. It has been suggested 
that the fluid nature o f catalyst particles 
(60-500 nm diameter) often found in these 
studies could be due to the heat released 
during reaction causing melting. This heat 
release can be compared to the radiative heat 
loss from the particle. Taking the extreme 
case we assume the reaction to be:
(C) +  (0 2) —» (C02)
for which AH°000 =  394 kj mole-1 [15]. The 
number o f moles o f carbon gasified per 
second, dn/dt, is given by
dn 2lr8p ...
d7 = M <4)
where I is rate o f channel propagation, r the 
particle radius, 8 the depth o f the channel, 
p the density o f graphite (2-25 g. cm-3) and M  
the atomic weight o f carbon. For a tempera­
ture ofl000°K, I =  8-9 nm sec-1, for the 30 nm 
radius particles measured and 8 is estimated 
to be 10 nm; then dn/dt — TO X 10-18 mole 
sec-1. Thus the heat release due to reaction is
3-94 X 10-13 J sec-1. The energy loss per unit 
area by radiation is given by Stefan’s Law
5 =  o-eT4 (5)
where <r is a universal constant equal to 5-72 X 
10—8 J m-2, e the emissivity o f the surface,
which is taken as unity, and T the absolute 
temperature. For the same particle and as­
suming a hemispherical shape o f area a, the 
rate o f heat loss is sa =  27rr2creT4 =  3-25 X 
10-10J sec 1 from radiation alone. Since this 
is very much larger than the rate o f heat 
release, the temperature o f the particle is 
unlikely to be raised significantly. This situa­
tion is to be contrasted with that in the nickel 
catalysed decomposition o f acetylene where 
the sustained activity o f the catalyst particle 
is attributable to such a temperature rise 
[16].
In the mechanism suggested by L’Homme 
et al. [17] the oxygen used in the reaction is 
that adsorbed by the particle. Once adsorbed 
the oxygen must migrate to the reaction 
interface for which there are three possible 
processes; diffusion through the particle, 
diffusion o f surface oxygen around the par­
ticle or rotation o f the particle. O f these the 
simplest to consider is rotation. Suppose a 
fraction 6 o f the surface to be covered by an 
adsorbed oxygen layer, one half molecule 
thick. Then the rate o f rotation required to 
supply oxygen to the interface is equal to the 
number o f such surface layers required per 
second to gasify the amount o f carbon etched 
by the particle in the same time. The rate o f 
gasification calculated above was T 0X 10-18 
moles sec-1. The amount o f  oxygen in a layer 
on the particle is irr26/£lN where fl is the area 
occupied by an oxygen molecule 0-1 nm2, and 
N  Avogadro’s number. This amount o f oxy­
gen is 4-7 X 10-20 moles for a 60 nm diameter 
particle. Thus the rate o f rotation necessary 
to transfer this amount o f oxygen is 25-6/0 
sec-1 and for even moderate coverage, trans­
fer by this mechanism is possible. Data for the 
rate o f surface diffusion o f oxygen on ZnO 
are not available. The activation energy o f  
diffusion o f oxygen through single crystals 
o f ZnO is 395 kj mole-1[18] between 1473°K 
and 1673°K. If this also holds at 1000°K it 
would indicate that if oxygen is transferred 
through the particle, this is not the rate 
determining step.
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L E T T E R S  T O  T H E  E D I T O R
Controlled Atmosphere Electron Micro­
scopic Studies of die Catalysed Graphite- 
Oxygen Reaction 2. The Influence of Lead
(Received 7 May 1973)
Lead is well known to be a particularly effective 
catalyst in the graphite-oxygen reaction [1-3] but 
has not been studied in detail by electron micro- 
.scopy techniques. We present here the results of 
a study using controlled atmosphere electron 
microscopy (CAEM) of the lead catalysed reaction 
of graphite single crystals with oxygen.
The CAEM technique is described elsewhere 
[4]. Electron transmission specimens were pre­
pared from natural single crystals from Ticonder- 
oga, New York State, by a standard technique[5]. 
Lead was applied to mounted crystals as a solution 
of lead acetate in 1% aqueous acetic acid. The 
specimens were reacted in oxygen at pressures up 
to about 0-8 kPa.
At temperatures below 820°K the reaction was 
characterised by recession of basal plane steps at 
very high rates (Table 1). The line of the step con­
sisted of a series of straight sections joined at 120°, 
Fig. la. Each section receded in a direction normal 
to it, so when the sections at the opposite ends of 
the step were not parallel to each other the 
recession had to be accompanied by a lengthening 
of the step. After a short time, breaks in the line 
of the step appeared and as it receded further it 
left projections as shown in Fig. lb  which shows 
the same step as la ten seconds later (correspond­
ing to movement of i/u.m). Further breakup of the 
step was accompanied by formation of fern-like 
patterns in the step, Fig. lc (ten seconds later still). 
Once this had occurred recession of the step 
ceased.
At temperatures above 820°K rapid edge re­
cession did not take place but as the temperature 
was raised to 860°K a pattern of rings of irregular­
ly shaped particles (about 20 nm in size) appeared 
over the whole graphite surface. The rings were 
about 0-5 to 2*0 /am dia and there were between 
two and three rings /am-2. The appearance of the 
surface resembled an etch decoration pattern of 
expanded vacancies [6] except that interpenetrat­
ing rings could occasionally be seen, Fig. 2.
We suggest that below 820°K an extremely thin 
film of lead occupies the face of the step. As the 
step recedes and lengthens, this film must spread. 
Ultimately the film breaks leaving some parts of 
the edge unoccupied by catalyst, and on some a 
row of small beadlets o f catalyst, less than 5 nm 
across, which cut channels into the step [5], Fig. 3. 
At temperatures approaching 820°K volatilization 
o f the catalyst contributes to this break up and 
probably accounts for the short lived character 
o f the channelling. The approximate activation 
energy in Table 1 is consistent with the value of 
153 kj mole-1 obtained by Magne and Duval [3] 
and of 147 kj mole-1 by Amariglio and Duval [2] 
for the lead catalysed reaction, although it is 
different from the value reported by Rakszawski 
and Parker (4 kj mole-1)[l]. The ratios of cata­
lysed and uncatalysed reactions are also similar to 
those found by Amariglio and Duval [2].
The wetting ability of lead may account for the 
differences in the behaviour o f lead from  that o f 
other catalysts in some bulk oxidation experi­
ments. When the results o f Magne and Duval for 
different catalysts are compared using the com­
pensation effect the rates of reaction of samples 
containing lead in N2/ 0 2 mixtures are found to 
have a pre-exponential factor about two orders of 
magnitude larger than expected [7]. Differences 
of this order can be accounted for if a catalyst is 
able to occupy an unusually large fraction o f the 
active surface of the graphite. Many catalysts are 
found to be dispersed over the surface as discrete 
particles and are only active at their immediate 
interface with the graphite. Even with high weight 
for weight concentrations, the fraction of the 
active surface occupied by the catalyst is seldom 
more than a few per cent. These results suggest 
that lead could occupy virtually all o f the active 
surface which is consistent with the early satura­
tion o f a graphite surface by lead observed by 
Amariglio [2].
The behaviour above 820°K is probably due to 
decoration of expanded vacancy pits by lead. The 
interlocking complete rings probably arise because 
lead was present on both upper and lower basal 
surfaces of the graphite specimen. The expected 
rate of expansion of vacancy etch pits assuming a 
reaction which is first order with respect to oxygen
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Table 1. Rates of recession of basal plane steps — Summary of results
T/K
Edge recession rate/nm  sec 1 
P0;,/kPa This work (Vj) Uncatalysed [5] (V2) VJV2
768 ± 5  
803 ± 8
0-8 18±  1 9 X 10-5 
0-9 49 ± 5  6 X 10-4 
Activation energy 126 ± 28  kj mole-1
2-2 x 105 
8-5 x 104
X
• ( (
V
( a )
■v
;b)
E d g e s  w i t h o u t  l e a d  
E d g e s  w i t h  l e a d
this figure is taken for these crystals the expected 
density of rings in the first surface layer is 
0-4 jam-2. Since the largest rings were about 2 /u,m 
across vacancies in other layers would have been 
exposed and rings in the surface layer would have 
overlapped appreciably. Analysis of a graphical 
simulation shows that when the rings in the top­
most layer reach a diameter of 2 jam vacancies in 
the fifth layer are beginning to be exposed, and 
the number of distinguishable rings is about twice 
the vacancy concentration per layer. Taking both 
sides of the crystal one expects a density of rings 
of the order of T6 jam '2, which is in good agree­
ment with the density observed in these experi­
ments. We conclude therefore that the ring 
pattern is probably due to decoration by lead of 
expanded natural vacancies.
P. S. HARRIS, F. S. FEATES 
Applied Chemistry Division,
Atomic Energy Research Establishment 
Harwell, Berkshire
Department o f Chemistry 
University o f Surrey 
Guildford, Surrey
B. G. REUBEN
Fig. 3. Sketch showing the behaviour of edges 
during break up of the lead film: a. lengthening of 
edges, b. single breaks producing promontaries. 
c. beadlets of catalyst producing fern structures.
at 833°K and 0-8 kPa 0 2 is 10 nm sec-1 [8]. Measure­
ments of ring expansion rates in these experi­
ments were inconclusive but indicate that the rate 
was not more than about 3 times this. The density 
o f rings (between 2 and 3 per /am2) is similar to the 
density expected if the rings were due to expan­
sion of vacancies initially present. The internal 
vacancy concentration of crystals from the same 
source as those used here has been determined by 
Baker* to be about 10-8 vacancies per atom. If
*R. T . K. Baker, Private Communication.
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Fig. 1. Micrograph showing recession of a step accompanied by lengthening.
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Fig. 2. Ring structures produced at 833°K in 0-78kPa 0 2.
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Abstract—Silver is a powerful catalyst for the graphite-oxygen reaction at temperatures 
below 1150 K but can inhibit the reaction above this temperature. A study by CAEM re­
veals a complex situation. The behaviour of the catalyst depends on the initial heating 
rate. At slow heating rates atoms are extracted from perfect regions of the basal plane 
surface to produce pits, and channels which do not start at edges. At high heating rates 
only channels are formed which start at edges. There is evidence of anisotropy of reaction 
rates within the basal plane but application of known criteria for determining its form 
give conflicting results.
at 720°C (990 K) contaminated with silver 
showed extensive surface roughening when 
oxygen was introduced. As no distinct orien­
tation of channels could be observed this was 
interpreted as a demonstration that silver 
catalyses as much in (1120) directions as in 
(lOlO) directions. McKee [5], in a similar ex­
periment, noted the formation of circular 
etch pits at 600°C (870 K), and 700°C (970 K), 
in flowing oxygen but found no evidence of 
channels. Hennig [10] reported the formation 
of channels as the major feature and these 
were orientated exclusively parallel to (1010) 
directions. Unlike the case of gold catalysts, 
this orientation did not change when water 
vapour.was added to the reactant gas. No di­
rect observation of the inhibition of the reac­
tion by silver has been reported from optical 
or electron microscopy studies.
This paper presents the results of a study 
of the action of silver carried out to deter­
mine the origin of these reported differences.
1. INTRODUCTION
It is more than a decade since optical and 
electron microscopy were first used to study 
the catalysis of the graphite-oxygen reaction 
and since then a great number of different 
catalysts have been studied [1-8]. Earlier 
hopes that these techniques might lead to a 
rapid elucidation of the reaction mechanism 
have faded as an apparently limitless variety of 
behaviour among catalysts has been observed. 
In addition, conflicting behaviour has been 
reported for some catalysts under appar­
ently similar conditions. One such catalyst is 
silver.
In a comprehensive survey of the activity of 
transition elements as catalysts for the bulk 
oxidation of carbon, Heintz and Parker 
found silver to be an inhibitor at some 
temperatures [9]. The results of microscopy 
studies, however, had always indicated that 
silver increases the rate of oxidation marked­
ly; Thomas [4] found that a graphite crystal
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2. EXPERIMENTAL
Two series of experiments were carried 
out. In the first, silver was applied to graphite 
crystals which were then oxidised in the elec­
tron microscope and observed continuously. 
In the second, silver was applied to annealed 
crystals and after reaction in air the crystals 
were decorated with gold and examined by 
transmission electron microscopy.
2.1 Controlled atmosphere electron microscopy 
(CAEM)
Natural single crystals from Ticonderoga 
were used. Cleaved sections of crystals were 
prepared by the technique described 
previously [7]. They were mounted on plati­
num heater ribbons[11]. Silver was applied 
either by evaporation of the metal (99-9% 
pure) from a tungsten filament at a residual 
pressure of 2‘5 mPa or as an aqueous solution 
of reagent grade silver acetate (B.D.H. Ltd.) 
in 5% aqueous acetic acid.
The CAEM technique is described 
elsewhere [11]. The specimen temperature 
was normally varied by changing the current 
passed through the platinum ribbon support­
ing the specimen. On changing the current 
the new temperature was usually established 
within a few seconds. For experiments where 
slow heating rates were required the current 
was increased by small increments (cor­
responding to 10 K to 20 K) over long inter­
vals of time.
2.2 Etch decoration studies
Well formed graphite crystals were selected 
optically from Ticonderoga crystals extracted 
from pyroxene mineral. They were heated by 
electron bombardment on a water cooled 
copper block to anneal out natural vacancies. 
This procedure was only found to be success­
ful if care was taken never to allow the re­
sidual gas pressure to rise to greater than 
0-13 Pa. Usually the crystal was preheated to 
dull red heat for 15 min, then the tempera­
ture was raised slowly to 1500 K and finally to 
2500 K. The crystals were maintained at this
temperature for 2 min and then cooled 
rapidly.
The annealed crystals were cleaved [7] 
and representative specimens etched in a 
chlorine-oxygen mixture for 10-20 min at 
900 K. The crystals were then decorated with 
gold evaporated onto the graphite surface at 
520 K as described by Hennig [2]. Since vacan­
cies were difficult to find on etched and deco­
rated annealed crystals an unannealed crystal 
was usually treated at the same time to ensure 
that any vacancies which might have been 
present would have been etched.
Silver was evaporated onto some annealed 
crystals and these were heated in air in an 
open furnace before decoration with gold. 
The heating rate was varied simply by in­
crease of the furnace control setting at inter­
vals as the furnace was brought to tempera­
ture.
3. RESULTS
3.1 CAEM studies
The effect of silver on the graphite-oxygen 
reaction was investigated in sixty experi­
ments. The evaporated silver formed small is­
lands even when deposited at room tempera­
ture. The deposits of silver acetate also form 
small islands after having been heated to 
520 K and above this temperature the behav­
iour of silver from the two sources was identi­
cal. Two kinds of catalytic behaviour were ob­
served depending on the initial heating rate.
3.1.1 Heating rates slower than 10 K.sec~\ 
T he lowest temperature at which catalytic 
oxidation was definitely observed was 640 K. 
Below 770±10K  the silver particles pro­
duced irregular channels in the graphite 
basal plane surface. These were formed by 
particles which did not initially appear to be 
in contact with steps or visible defects in the 
surface. A typical example is shown in Fig. 1 
which shows the appearance of a graphite 
crystal after exposure to 0-5 kPa of oxygen at 
640 K. If the specimen were cooled and re­
heated catalytic oxidation recommenced in 
the same form when the original temperature
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Fig. 1. Form ation of channels not starting at edges, 640 K.
Fig. 2. Low tem perature pit form ation with large particles, 680 K.
CAR Vol. 12, No. 2—G
192 P. S. HARRIS, F. S. FEATES and B. G. REUBEN
Fig. 3. Faceted catalyst particles (one exam ple is circled) in the low 
tem perature oxidation.
of catalysis was reached , even w hen the new 
h ea tin g  ra te  was very m uch  h igher.
E vapora tion  of la rg e r quantities of silver 
on  to the  g rap h ite  gave la rg e r particles of 
catalyst an d  enab led  a m ore detailed  study of 
the  catalyst. T h e  initial fo rm atio n  of a ch an ­
nel was accom panied  by a change in particle 
shape, from  nearly  c ircu lar to  hexagonal, fol­
lowed by a con trac tion  of the  particle to re ­
veal a shallow pit in the  g rap h ite  surface, Fig.
2. A channel was th en  p ro p ag a ted  from  those 
sides of the  pit with w hich the particle still 
m ain ta ined  contact. T h e  ra te  of channel 
p ro p ag a tio n  d ep e n d e d  on  the  size of particle. 
Small particles m oved faster th an  large ones 
fo r a sim ilar channel d ep th . W hilst the  ch an ­
nels w ere irreg u la r, facets on  the  particles 
w ere o rien ta ted  exclusively parallel to (1120) 
d irections, Fig. 3.
A t tem p era tu res  betw een 780 K and  
1120 K, this u p p e r  te m p e ra tu re  was variable 
an d  occasionally reached  1170 K, two kinds of 
partic le  coexisted. O ne was an  irregu larly  
shaped  particle w hich d id  no t influence the
reaction  and  the  o th e r a sphero idal form  
w hich increased the ra te  of ox idation , p ro ­
d u c ing  channels, at the  low er tem p era tu res  
b u t at the  h ighest tem p era tu res  becam e an in ­
hib itor. In  this te m p era tu re  ran g e  all ch an ­
nels sta rted  only at edges. In  the  inh ib ited  
reaction  the recession of edges was faster 
th an  recession of occupied  edges and  the 
result was the  p rod u ctio n  of p rom on taries, 
Fig. 4.
3.1.1 Heating rates faster than 40 K.sec~'. A t 
h ig h er h ea ting  rates the  low te m p era tu re  p it 
fo rm ation  d id  no t occur. T h e  catalyst p ro ­
duced  channels at tem p era tu res  from  750 K 
to  the  h ighest te m p e ra tu re  at w hich observa­
tions w ere possible, abou t 1200 K. C hannels 
only sta rted  a t edges and  a lth o u g h  mostly ir­
reg u la r, Fig. 5, d id  possess som e sho rt 
s tra igh t sections parallel to (1120) d irections.
3.2 Etch decoration studies
T h e  typical ap p earan ce  of an  annealed  
crystal e tched  in ch lo rine-oxygen  and  deco­
ra ted  w ith gold is show n in Fig. 6. T h e  con­
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Fig. 4. Inhibition of the recession of edges at 1140 K.
cen tra tio n  of vacancies is very m uch lower 
th an  in u n an n ea led  crystals and  is less than  
10 " vacancies p er a tom , the low er limit of 
detection  by this m ethod . A typical deco ra ted  
annealed  specim en a fte r catalytic reaction  is
shown in Fig. 7. T h e  obvious fea tu res  a re  the 
in tense activity w hich was taken  place w ithou t 
the p ro d u c tio n  of appreciab le  co n tra s t and  
the fact th a t considerab le  p e n e tra tio n  of the  
basal p lane has taken  place. L arge  particles
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Fig. 5. Irregu lar channels starting at edges form ed at the high heating rate.
Fig. 6. Etched and  decorated T iconderoga crystals. T h e  upper picture shows 
an unannealed crystal, the lower picture an annealed crystal.
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Fig. 7. Specimen decorated after catalytic oxidation at 743 K.
ten d ed  to p ro d u ce  channels which descend  
th ro u g h  m ore layers th an  small particles as 
indicated  by the  la rg er n u m b er of deco ra ted  
steps in these channels. T h e  steps usually ex­
ten d ed  rig h t across the  channel, a lth o u g h  a 
few small rings are  to be found  in som e ch an ­
nels (e.g. a t M). In  the  extinction  con tou rs a 
n u m b er of low con trast loops of defec t clus­
ters are  visible (N).
4. DISCUSSION
T h e  use of con tro lled  a tm osphere  electron  
m icroscopy has show n the catalysis of the 
g rap h ite -o x y g en  reaction  by silver to be m ore 
com plicated  at the  m icroscopic level th an  had 
previously been  suspected. A sim plifying fea­
tu re  is th a t evapora ted  m etal and  the  solution 
derived  catalyst behave in the sam e way. 
Since A gaO is therm ally  unstable and  re ­
quires oxygen p ressures in excess of 15 MPa 
fo r its fo rm ation  from  the  m etal it is reaso n ­
able to suppose th a t the  catalyst from  both  
sources is probably  silver m etal. In d eed , 
M cKee [6] fo u n d  no evidence of a separa te
oxide phase in his th erm o g rav im etric  study  
of the  system g rap h ite -s ilv er ace ta te-oxygen . 
R ecent w ork from  Ruczka[12], how ever, p re ­
sents e lectron  d iffraction evidence w hich in ­
dicates the  p resence  of a d iphasic  partic le  
involving a little know n oxide desig n a ted  
‘A gO x\
T h e  uncatalysed g ra p h ite -o x y g en  reaction  
proceeds by loss of carbon  atom s fro m  basal 
p lane steps o r at defec t cen tres (vacancies, 
non-basal dislocations o r im p u rity  cen tres) 
[1-3]. If th e  rem oval of carbon  atom s fro m  
structurally  p erfec t basal p lanes occurs a t all 
it is only very slow. Catalysts a re  know n to 
a lter the  ra te  of loss of carbon  atom s from  
step faces an d  at defects [2, 3] b u t th a t they 
can facilitate loss of atom s from  p e rfe c t basal 
plane surfaces has no t befo re  been  d e m o n ­
stra ted  unequivocally. H enn ig  has show n 
[1,3] th a t gold on n a tu ra l T ico n d e ro g a  g ra ­
phite  only form s channels s ta rtin g  at edges 
but form s pits on crystals co n ta in in g  an 
appreciab le  vacancy concen tra tion . F o r the  
purposes of a rg u m e n t a channel w hich does
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not start at a discernable edge or step can be 
considered as a pit extended in one lateral di­
rection more than in the other. That the 
channels seen in Figs. 1 and 2 could have 
been produced by the extraction of basal 
plane atoms rather than simply due to vacan­
cies already present can be shown by com­
parison of the number of particles which pro­
duce channels with the vacancy concentra­
tion. Baker [13] has determined the natural 
vacancy concentration in the crystals from the 
same source as those used here to be 1CT10 to 
10~8 vacancies per atom. Hennig obtained a 
slightly higher figure of 10~7 vacancies per 
atom [2] for similar crystals. For a crystal con­
taining a random distribution of 10-7 vacan­
cies per atom the probability that a vacancy 
exists in each of the first five successive layers 
within the area occupied by a particle for 
the two size ranges studied is 10-5 for 0-2 jum 
particles and 10-15 for 0-02 fim  particles. 
Since most particles formed pits or channels 
in each case, the vacancy concentration alone 
would not appear to account for the observed 
pitting behaviour. From Figs. 6 and 7 it is 
clear that penetration of the basal plane had 
occurred where vacancies had not previously 
existed in the crystal. From the density of 
steps in the channels this extraction of atoms 
is obviously very slow and the faster a particle 
moves laterally the less likely is a particular 
basal plane atom to be extracted. In other sys­
tems too, it has been observed that large par­
ticles tend to propagate channels more slowly 
than small ones [7, 14] and so the higher den­
sity of steps in the wake of large particles in 
Fig. 7 is not surprising. After extraction of 
the first atom from a basal plane expansion of 
the monolayer pit is expected to occur in the 
same way as for uncatalysed reaction. It 
would be of interest to discover whether the 
expansion of monolayer pits proceeds at a 
different rate to that of multilayer pits as oc­
curs in the uncatalysed reaction [15]. The only 
indication so far is that it may do so is a single 
micrograph published by Hennig [ref. 2, Fig.
31] where the regular pairing of steps in a 
channel which occurs could be best explained 
by such a difference in rates.
The inhibiting effect of silver at high temp­
eratures is consistent with the results of bulk 
oxidation results from which it has been 
found that the rates of the catalysed and un­
catalysed reactions of graphite with oxygen 
are related by a compensation effect[15]. 
Catalysts which increase the rate of oxidation 
at low temperatures are expected to inhibit 
the reaction at temperatures in excess of 
~  1000 K.
The faceting of large particles at low temp­
eratures is probably due to basal plane anisot­
ropy of catalysed reaction rates [14]. The par­
ticles observed in this study had facets 
oriented exclusively parallel to (1120) direc­
tions and so we may conclude that the direc­
tions of highest reactivity are (1120). Al­
though the directions of highest reactivity 
were well defined, the channelling direction 
was irregular. This is because the catalyst gra­
phite interface recedes into the graphite per­
pendicular to each facet and, depending on 
the number and length of the facets, the re­
sultant motion can be in any direction. Using 
H ennig’s rule [1] to determine the directions 
of highest reactivity from the direction of 
propagation of straight sections of channels 
gives (lOlO) as the directions of highest reac­
tivity. Using the same rule in his own work on 
silver catalysts, Hennig found the directions 
of highest reactivity to be (1120), and inde­
pendent of the moisture content of the 
gas [10]. These differences are attributed to a 
difficulty in the formulation of H ennig’s rule 
rather than a fundamental difference in the 
chemistry in the two systems [14].
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Abstract—CAEM has been used to investigate the behaviour of Mo and Mo03 as catalysts 
in the graphite-oxygen reaction. Both pitting and channelling activity were observed. 
The effects of temperature and particle size on channel propagation rates have been 
quantitatively evaluated. Intercalation of Mo03 is suggested as playing a role in the 
exfoliation of graphite sheets. Difficulties in the interpretation of anisotropy effects are 
discussed.
1. INTRODUCTION
The catalytic influence of molyb- 
d enum [l,2] and molybdenum trioxide[3] on 
the oxidation of graphite has been repor­
ted previously. Thomas [1] studied the 
metal-graphite-oxygen system by optical 
microscopy and found that the first stage in 
the reaction was the formation of liquid 
molybdenum trioxide at 995 K. Channels 
with straight sections parallel to both (1010) 
and (1120) directions were observed. He in­
terpreted this as a demonstration that molyb­
denum could catalyse attack in the (1010) di­
rections to a greater extent than in the (1120) 
directions during one phase of the reaction 
and to the opposite during the next phase. 
From bulk measurements, Heintz and 
Parker [2] obtained a value of 77*75 kj-mole-1 
for the activation energy for the molyb­
denum catalysed oxidation of graphite in air.
McKee [3] investigated the oxidation of 
graphite in the presence of a molybdenum  
trioxide catalyst by means of thermo­
gravimetry and optical microscopy. His ther- 
mogravimetric studies showed two transitions
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with increasing temperature when a 1:1 mix­
ture of molybdenum trioxide and graphite 
was heated in nitrogen. The first transition 
commenced at 905 K and extended to 1025 K 
and was accompanied by a 7*5% loss in sam­
ple weight. This was followed by a plateau re­
gion up to 1075 K when a second transition 
occurred resulting in a further 18*3% loss in 
weight. The optical microscopy studies of 
molybdenum trioxide on graphite in 100 kPa 
dry oxygen showed that melting of the oxide 
at 1025 K was followed by rapid formation of 
pits. There was also evidence o f particle mo­
bility and channel propagation on other areas 
of the graphite surface. The presence of par­
ticles and catalytic activity persisted at 1075 K 
and so it was suggested that the active cataly­
tic species was a lower oxide than M0 O3 as 
M0 O3 sublimes rapidly at this temperature.
In this paper we report on the dynamic ob­
servation of the catalytic effects of both 
molybdenum and molybdenum trioxide on 
the graphite-oxygen reaction using the 
technique of controlled atmosphere electron 
microscopy (CAEM).
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2. EXPERIMENTAL
The CAEM technique has been described 
previously [4]. Molybdenum trioxide was de­
posited on single crystal graphite (Ticon- 
deroga, New York State) transmission 
specimens [5] by vacuum evaporation of am­
monium molybdate contained in a heated 
tungsten boat. At the temperature of the 
evaporation (1025 K) ammonium molybdate 
decomposes and is deposited as M o03[6]. In 
a second series of experiments spectrographi- 
cally pure molybdenum wire was evaporated 
onto the graphite at 10-0 mPa by passing a 
high current through a molybdenum fila­
ment so that it fused to deposit a continuous 
film of metal at least one atom thick. The ox­
ygen used in these experiments was >99%  
pure (BOC Ltd.) and final traces of water 
were removed by passing the gas through 5A 
molecular sieve before use. Similar analytical 
procedures to those described in reference [7] 
were adopted in this work.
3. RESULTS
3.1 Behaviour of molybdenum trioxide on graphite 
in the presence of oxygen
The molybdenum oxide film nucleated to 
form small particles (60 nm dia) at between 
600 to 800 K in the presence of 0-53 kPa ox­
ygen. The large temperature range observed 
was due to the range of thickness of the orig­
inal oxide film. Above 800 K the particles 
moved across the graphite basal surfaces and 
aggregated to produce a mean particle size of 
about 100 nm dia.
At temperatures >870  K two different 
forms of catalytic oxidation were observed, 
(a) pitting catalysis, and (b) channelling 
catalysis.
The pitting mode of attack, seen as the 
penetration by active particles through basal 
planes of graphite, commenced at 870 ±  30 K 
and extended to 980 ±  30 K. The diameter of 
the pits varied from 0-01 to 0-1 p.m. These 
were then expanded by edge recession due to 
uncatalysed oxidation of the graphite and 
produced hexagonal holes, Fig. 1. As the
reaction proceeded, the active particles were 
observed to either fall out of the bottom of 
the pit or adhere to the pit wall when the last 
layer of graphite had been removed. In all 
cases the sides of the hexagonal holes were 
found to be orientated in a direction parallel 
to the twinning bands, i.e. bounded by {1121} 
faces. In some cases, as the pits deepened the 
hexagonal sides at the pit base were observed 
to be twisted through 90° with respect to those 
at the surface, i.e. bounded by {1011} faces. 
With continued oxidation the holes became 
progressively more circular in shape.
The propagation of catalytic channels ac­
ross the basal plane surfaces o f the graphite 
started at 1080±5 R and was still proceeding 
at 1340 K when oxidation was so rapid that it 
was impracticable to make measurements. 
Continuous observation of the reaction 
showed that particles only became activated 
towards channel formation when they con­
tacted either edges or steps on the graphite 
surface. Although particles on the perfect re­
gions of the crystal were often mobile they re­
mained catalytically inactive. The width of a 
channel was governed by that of the catalyst 
particle which remained in contact with the 
advancing head of the channel throughout 
the reaction. In some cases channels were ob­
served to become perceptibly deeper during 
propagation. If a particle returned to an area 
where it had been previously active and cros­
sed an earlier part of its channel, the newer 
part of the channel showed higher contrast 
(Fig. 2). Although the majority of channels 
were directed away from the step edge, there 
was a tendency for some particles to follow 
the face of a step and remove carbon by a 
planing action. Although the channels 
showed no particular orientation it was ap­
parent that the larger catalyst particles pos­
sessed facets, which were orientated in a par-; 
ticular crystallographic direction with respect 
to the graphite.
The catalyst was dispersive in that particles 
tended to fragment during the reaction, 
often leaving catalyst material behind as a
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Fig. 1. Catalytic pitting action by m olybdenum  trioxide particles at 900 K in
0-53 kPa oxygen.
film on the sides of the  channels. T hese  edges 
receded  at a m uch faster ra te  than  those 
which w ere com pletely free  of catalyst m a te r­
ial. R u p tu re  of this film o ften  led to the fo r­
m ation  of large num bers of small particles 
which th en  p roceeded  to p ro d u ce  secondary 
channels em an atin g  from  the  sides of the 
p rim ary  one.
Exfoliation of the  g rap h ite  was a fu r th e r  
fea tu re  of the  reaction and  was frequen tly  ob­
served at betw een 1100 to 1225 K. Flakes of 
g rap h ite , 0-5 /am in size, w ere seen to  be 
s trip p ed  from  the specim en surface.
Q uan tita tive  kinetic analysis show ed that 
fo r a given te m p e ra tu re , the  ra te  o f channel 
p ro p ag a tio n  was d e p e n d e n t o n  th e  partic le  
w idth and  the d ep th  of the  ch an n el. In  g en ­
eral, small particles cu ttin g  shallow channels 
gave the  h ighest rates. A p lo t o f channe l 
p ro p ag a tio n  ra te  against partic le  w id th  shows
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Fig. 2. Catalytic channelling by m olybdenum  trioxide particles at 1080 K in 
0-53 kPa oxygen. T he arrow  indicates the higher contrast area due to 
deepening of the channel.
th a t th e re  is an  inverse linear d ep en d en ce  
(Fig. 3). T h is d a ta  was ob ta ined  from  catalyst 
particles cu tting  channels of sim ilar d ep th  at 
1080K.
As the  te m p e ra tu re  was raised so the  ra te  
o f channel p ro p ag a tio n  increased. A n A r­
rh en iu s  p lo t of the  d a ta  ob tained  from  50 nm  
d ia  particles cu tting  channels of sim ilar d ep th  
yielded an  activation energy  of 191 ±  18 
k jm o le  1 fo r th e  catalysed reaction  (Fig. 4). A 
value of 200 ± 2 0  k jm o le -1 was ob tained  for 
th e  uncatalysed reaction .
3.2 Behaviour of molybdenum on graphite in the 
presence of oxygen
W hen the m o ly b d en u m -g rap h ite  system 
was hea ted  in 0-53 kPa oxygen, small m etal 
particles (50 nm  dia) w ere observed to n u c­
lea te  from  the  evapora ted  film at 515 ± 5  K.
A t 690 K small holes w ere seen to develop in 
the  g rap h ite  im m ediately  ad jacen t to som e of 
the  m etal particles. T hese  ex p an d ed  to form  
hexagonal pits as the  te m p e ra tu re  was raised. 
As w ith m olybdenum  oxide, the  pits w ere 
b o u n d ed  by {1121} faces an d  in som e cases as 
the reaction  p ro ceed ed  the  sides of the  step 
edges in low er layers of the g rap h ite  were 
{1011} form  faces. Occasionally, as the  o u te r 
step edges ex p an d ed , the o rien ta tio n  w ith re ­
spect to twin bands changed  an d  particles a p ­
p ea red  n ea r the  sides of the pits. T h e  ra te  of 
expansion  of th e  pits was appreciab le  at 875 K 
and  channels w ere observed to fo rm  at this 
tem p era tu re . In  con trast to the  m olybdenum  
oxide system, the  channels p ro d u ced  in this 
reaction  show ed defin ite  o rien ta tion  with re ­
spect to th e  u n d erly in g  graph ite .
C hannels p ro p ag a ted  by small particles (up
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to 30 nm dia.) were straight and oriented 
parallel to (10T0) directions. Particles greater 
than 150 nm diameter propagated irregular 
channels, but again the particle possessed 
hexagonal facets at the graphite-catalyst inter­
face which were orientated parallel to (1010) 
directions, i.e. parallel to the orientation 
of the finer channels (Fig. 5). The particles ap­
peared to be quite fluid; when a particle cut a 
channel it did so by extension of the facets 
into the step, causing the particle to spread. 
Periodic contraction of the particle caused 
breakdown of the interface in the wake of the 
particle resulting in a 120° saw-toothed pat­
tern on the channel sides. Sometimes this 
breakdown was incomplete and catalyst ma­
terial was left on the channel sides; this effect 
is illustrated in Fig. 5 where the right hand 
side of the large channel has a dark film of 
catalyst material along its edge. This 
phenomenon would cause one side of the 
channel to expand at a greater rate than the 
other. Particles in the range 30 to 150 nm dia 
showed intermediate behaviour in that chan­
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Fig. 3. Relationship between channel propagation 
rate and molybdenum trioxide particle width at 
1080 K in 0-53 kPa oxygen.
nels had straight sections but frequently 
changed directions by 60° or 120°. Saw­
toothed sides of channels were common and 
these particles were usually faceted. Occa­
sionally larger particles in this size range un­
derwent fragmentation and this behaviour 
can be seen in Figs 6a and 6b, where particle 
A in Fig. 6a breaks up to produce two parti­
cles of approximately equal size (Fig. 6b). The  
tapered channel B is a result of catalyst ma­
terial remaining on the channel sides. The  
oxidative “planing” action by the oxide catal­
yst was more pronounced in this system and 
is schematically illustrated in Fig. 7.
4. DISCUSSION
In both the oxide and metal catalyst studies 
the first pits were found to be bounded by 
{1121} faces. In a discussion of the rates of 
uncatalysed graphite-oxygen reaction, 
Thomas [1] presented arguments which ena­
bled the directions of highest reactivity to be 
deduced from the orientation of hexagonal
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Fig. 4. Arrhenius plot of molybdenum trioxide 
catalysed rate at 0-53 kPa oxygen.
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Fig. 5. Catalytic channelling by m olybdenum  particles at 900 K in 0-53 kPa
oxygen.
Fig. 6A and 6B. Fragm entation of m olybdenum  catalyst particle A to produce 
two particles and tapering of channel B caused by a residual catalyst m aterial 
on channel sides. T im e interval between frames is 15 sec.
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Cc)
Fig. 7. Oxidative planing action by a catalyst 
particle.
etch pits. He concluded that as the reaction 
proceeded a pit would tend to become 
bounded by the lower reactivity faces as 
atoms are preferentially removed from 
higher reactivity faces. The arguments do not 
make any assumption regarding the mechan­
ism of detachment of the atoms and so should 
be extendable to catalysed systems also. De­
fining the direction of highest reactivity as the 
direction perpendicular to the most reactive 
face we may conclude that the directions of 
highest reactivity for these pits were (1010). 
In those cases where pits of different orienta­
tion were developed in lower layers, and 
which did not revert back to the original 
orientation with exposure of subsequent 
lower layers, by the same rule the directions 
of highest reactivity for pit expansion would 
be parallel to (1120) directions. Nevertheless, 
outer step edges of the pits were observed to 
change orientation as the reaction proceeded 
and were accompanied by the appearance of 
particles within their boundaries. A plausible 
explanation of this unusual behaviour may lie 
in the effect of the catalyst itself on the reac­
tivity of the different faces of the graphite 
crystal. The catalyst would tend to collect as a 
thin film around faces of the uppermost step 
edges of the pits and as oxidation proceeded 
lower basal planes would gradually become
depleted in catalyst material and so would 
show the same anisotropy as the uncatalysed 
reaction. A change in orientation from that of 
the topmost step edge might be expected in 
view of the break up of the catalyst film to 
form discrete particles at lower levels.
There are two rules which can be used to 
determine the directions of highest reactivity 
in catalysed reactions which produce chan­
nels. H ennig’s rule [8] relates the direction of 
highest reactivity to the direction of propaga­
tion of straight channels and has been the 
most widely applied. A statement of this rule 
is “The channel direction will be perpendicu­
lar to one of the directions of fastest oxida­
tion”. An alternative rule emerges from the 
extension of Thom as’ arguments [1] regard­
ing the orientation of pits in the uncatalysed 
reaction. This indicates that where faceting of 
the catalyst particle occurs the directions of 
highest reactivity are parallel to the facets. 
When these rules are applied to the molyb­
denum catalysed reaction, H ennig’s rule 
gives the direction of highest reactivity as 
parallel to (1120) directions whilst the exten­
sion of Thom as’ rule gives it parallel to (1010) 
directions (Fig. 8). A similar difficulty has 
been encountered in the silver catalysed 
reaction [9] and examination of micrographs 
of the platinum catalysed reaction presented
'<IOIO>
‘ d ir e c t io n s
FROM HENNIGS  
RULE,
DIRECTIONS 
OF HIGHEST < 
REACTIVITY
{112 i f  
FACEFROM THOMAS' 
RULE > ~ < ll2 0 >
D IR EC TIO N S
{ioTr} FACE
CRYSTALLOGRAPHIC DIRECTIONS  
IN THE UNDERLYING GRAPHITE
EDGE OF CRYSTAL
Fig. 8. Differences in directions of highest reactiv­
ity obtained from application of H ennig’s and 
Thom as’ rules.
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by Presland and Hedley[10] raises the same 
problem. The application of the extension of 
Thomas’ rule has been limited, but it is clear 
from micrographs presented by Hennig (Fig. 
13, ref. [8 ]), Ruczka[ll] and the description of 
the palladium catalysed reaction given by 
Fryer [12] that it could have been used more 
frequently.
Of the two rules the extension of Thomas’ 
ru le[l] has the sounder basis provided that 
faceting of the catalyst particle is due to occu­
pation of an equilibrium pit~shape and is not 
attributable to some other effect such as 
epitaxial crystallisation of the particle. One 
advantage of continuous methods of observa­
tion is that they allow this distinction to be 
made. H ennig’s rule [8 ] appears to have been 
deduced from arguments related to an un­
realistic situation; the particle is assumed to 
lose contact with the faces which have least 
reactivity for catalysed attack. Since the cata­
lysed reaction is much faster than uncatalysed 
attack when channels are formed this loss of 
contact cannot persist for as long as is re­
quired for H ennig’s arguments to hold.
The direction of propagation of straight 
channels possibly does represent the aniso­
tropy of some property within the graphite 
basal planes. That it is the anisotropy of cata­
lysed reaction rates is doubtful, but it would 
be too early at present to rule it out com­
pletely.
It is tempting to correlate the changes in 
behaviour from pitting to channelling found  
for the two catalysts in the present work with 
the thermogravimetry experiments reported 
by McKee [3], where weight loss transitions at 
905 K and 1075 K were observed when M0 O3 
and graphite were heated in flowing dry N2. 
H e attributed these transitions to reduction 
of M0 O3 to lower oxides and carbide forma­
tion at 905 K, and sublimation of M0 O3 at 
1075 K. The agreement in onset tempera­
tures of pitting and channelling behaviour of 
870 and 1080 K respectively, for the M o0 3 
catalysed oxidation of graphite found in the 
present work with those found by McKee
may be fortuitous. Further similar experi­
ments with various pressures of oxygen 
might enable firmer conclusions to be drawn 
on the transitions which occur in the present 
systems.
Croft [13] has shown that M o0 3 can pene­
trate between the layer planes of graphite 
and it is probable that this phenomenon is 
responsible for the exfoliation observed in 
the present experiments.
It is interesting to compare the activation 
energy of 191 kj-mole-1  for catalysts derived 
from M o0 3 with the value of 77-7 kj-mole-1  
obtained by Heintz and Parker [2] from bulk 
measurements for catalysts derived from Mo. 
It is reasonable to suppose that this difference 
is due to the fact that the oxide is reduced 
during the reaction, but not to the same state 
as the metal is oxidised. The agreement be­
tween the activation energy of 2 0 0  kj-mole-1  
for the uncatalysed reaction obtained in this 
work with that from an earlier study of 2 0 1  
kJ-mole_1 [7] is excellent.
The variation in channel propagation rate 
with particle width is not clearly understood, 
but would appear to be at variance with the 
mechanism suggested by L’Homme et al [14] 
in which the particle is supposed to act as an 
0 2 carrier. On that basis one might have ex­
pected larger particles to make available an 
improved supply of 0 2 to catalyst-graphite 
interface since the particle surface increases 
as r3 to oxidise a length of step face which in­
creases as r. This is inconsistent with the ob­
served relationship, Fig. 3.
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L E T T E R S  T O
Correlations in the Catalytic Activity of
metals in the Graphite-Oxygen Reaction
(Received 15 July 1971)
We have recently had cause to examine in 
detail the data on the catalytic effect of major 
impurities on graphite oxidation provided by 
Heintz and Parker [1]. In that work the rate data 
given in Tables 1 and 3 are stated to be sufficient 
to determine the activation energies listed in 
Tables 2 and 4. We find that substitution of these 
values into the rate equation, k =  Ae~EIRT, yields 
different values for the activation energies from 
those listed for several elements. Specifically, for
Cr, Cu, Hf, Os and Ti (as oxide) one obtains the
values:
Cr 24-1 kcal/mole
Cu 23-5
Hf 17-9
Os 59-0
Ti (as oxide) 53*5
These data modify the diagrams correlating 
activation energies with the lattice energies of the 
monoxides of the metals although they do not 
change the ‘double-humped’ form. The variation 
of the activation energy, Ea, is shown as the 
bottom curve in the figure. The fact that the 
variation was ‘double-humped’ with a minimum 
at manganese, like the lattice energy, was taken 
by Heintz and Parker to indicate that the divalent 
state of the metal enters into the reaction at least 
for the 3d elements as an oxygen donor-acceptor 
species.
It is interesting to consider the two principal 
terms which vary with the metal in the thermo­
chemical cycle for the calculation of lattice 
energies. These are the ionization energy and 
latent heat of sublimation. The ionization energy, 
which is the sum of the ionization potentials [2] 
for each successive charge state, shows a pro­
nounced minimum at Mn and Fe for the forma­
tion of +2 and +3 states respectively and a broad 
minimum at V, Cr for the +1 state. The latent heat 
of sublimation, Ls,[3] has a minimum at Mn. 
The variation in lattice energy is expected to 
follow the variation in the sum of the ionization
T H E  E D I T O R
energy and latent heat of sublimation whatever 
the charge state of the metal. This sum is shown 
for formation of Mn+ ions, where n is 1,2 and 3, in 
the upper three curves in Fig. 1. A minimum 
occurs at Mn for both the +1 and +2 states and at 
Fe for the +3 state. The position of the minimum 
does not, therefore, necessarily identify the 
particular oxidation state involved for 3d elements 
uniquely. Indeed, although Fig. 1 shows a closer 
fit to the data for the univalent state, one would 
hesitate to postulate that this is the state involved. 
The nature of the graphite-oxygen reaction is 
not sufficiently understood. The catalysed 
reaction almost certainly proceeds by several 
consecutive steps and for such reactions the 
activation energy observed does not necessarily
n = 2
o
E
ou
oO
Fig. 1.
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identify with that of the rate determining step. 
As yet there is no way of distinguishing whether 
it does or does not. For 4d elements, Heintz and 
Parker could not locate the precise position of the 
minimum because their data are incomplete. 
Several other properties of the first row transition 
elements also show double humped variations with 
a minimum at manganese; work function [3], 
melting point and the latent heat of sublimation 
referred to above. It is suggested, therefore, that 
a genuine correlation between the lattice energies 
of the monoxides and activation energies for the 
graphite-oxygen reaction has not been satis­
factorily demonstrated.
P. S. HARRIS
Applied Chemistry Division,
A tomic Energy Research Establishment,
Harwell, England
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Development of Optical Anisotropic 
Mesophase from Naphtha-Tar Pitch in 
Magnetic Field /
(Received 18 October 1971)
Recent studies by several group of investigators 
[1-13] of the structural conditions for graphitiza- 
tion have demonstrated the significance of the 
mesophase transformation that takes place in 
graphitizable organic materials during pyrolysis 
to about 500°C. This transformation is a liquid- 
state structural transition in which the large poly­
merizing aromatic molecules are aligned in a 
parallel array to form an anisotropic liquid crystal. 
This short communication presents the results 
of development of mesophase from naphtha-tar 
pitch in magnetic field.
Naphtha-tar pitch, which shows a typical 
mesophase transition at the temperature range of 
350-500°C [8], was selected for this study. Analytical 
characteristics of naphtha-tar pitch used in this 
work were the same as previously [8].
The pitch was heat-treated in magnetic field, in 
a vertical glass tube placed within a heated cylin­
drical furnace with an automatic temperature 
control. Magnetic field caused by the heating 
current was compensated. Specimens were treated 
with the heating rate of 3°C/min and maintained 
for a desired residence time at the top tempera­
ture. The material was allowed to cool to room 
temperature before examination. The magnetic 
field was kept constant during the heat-treatment.
Microscope observation was done with a Leitz 
Ortholux microscope using reflected polarized
light of an Xenon arc similarly as in the previous 
work [8,11].
Diamagnetic force exerted on the powdered 
and washed with hydrochloric acid specimens, 
was measured by means of Faraday method [14] 
at room temperature.
Figure 1 shows the mesophase spherules nuc­
leated and grown in magnetic field.
Almost all the spheres shown here were yellow­
ish in colour when observation was made using a 
reflected polarized-light microscope with a gypsum 
plate. Assuming that the spherules are sectioned 
quite near to their polar diameter, the oscillating 
directions of extraordinary ray and ordinary ray 
are in almost all the sections respectively North­
west-Southeast and Northeast-Southwest. This 
shows substraction of the oscillating directions 
of extraordinary ray in the spherules and the 
gypsum plate [11]. All spherules, of course, showed 
typical changes of pleochroism and extinction 
contour with stage rotation of microscope. In the 
initial stages of nucleation and growth, the meso­
phase appears as spherules with a single structure. 
Figure 1 is a typical microphotograph for the 
spherules sectioned quite near to their polar 
diameter (perpendicular to lamellae). This 
evidence suggests that spherules formed in 
magnetic field align with their c-axes parallel to 
each other. It seems probable that alignment of 
c-axes of spherules to one direction is caused by 
forces due to magnetic field applied, because of 
magnetic anisotropy of polycondensed aromatic 
molecule in spherules. The forces are estimated 
roughly to be of the order of 1 ~  3 dyne/g from 
the measurements of diamagnetic force as shown
Controlled a tm osphere  
electron microscopy
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Abstract The use of a gas-reaction stage in an electron 
microscope extends the range of applications for the 
instrument and provides a new tool for the study of reaction 
mechanism in many chemical systems. A JEM 7A high 
resolution electron microscope has been adapted to 
incorporate a modified JEOL AGI gas reaction attachment. 
The technique developed allows for continuous observation 
of reactions between gases and solids at temperatures up to 
1500 K and pressures of up to 30 kN m-2. Continuous 
recording of the transmission image by a simple video 
system provides immediate recall and a record which is 
readily available for subsequent detailed analysis. The 
limitations and advantages of the technique are critically 
assessed.
1 Introduction
The continuous study by electron microscopy of systems 
undergoing change often enables direct observation of transi­
tory features, which might be lost in a conventional, post­
reaction, examination. One such technique is high tempera­
ture controlled atmosphere electron microscopy, made possible 
by combining the heating stages (Hirsch et a l 1965) and 
ambient temperature gas stages (Ruska 1942, Heide 1960, 
Stojanowa 1958) developed independently over many years. 
Undoubtedly one of the most successful of these is due to 
Hashimoto et al. (1958, 1968, 1970), who have produced a 
gas reaction stage which has become commercially available 
(JEOLCO JEM AGI attachment). The stage currently in 
use in our laboratories is of this design and has been adapted 
for incorporation in a JEM 7A electron microscope. This 
instrument has also been modified to enable the image to be 
recorded continuously on videotape.
This paper describes the technique of controlled atmos­
phere electron microscopy (CAEM) and outlines its advant­
ages and limitations as a research tool.
2 Instrumentation
2.1 Controlled atmosphere cell and stage 
Figure 1 is a schematic representation of the JEM AGI gas 
reaction cell and stage. The stage A is permanently attached to 
the specimen translate mechanism of the microscope, whilst 
the cell B can be inserted in a similar manner to a conventional
Figure 1 Schematic diagram showing the gas reaction cell 
and stage
specimen holder. On insertion into the stage the cell seats on 
two Neoprene O rings C, thereby creating an annular channel 
to which gas gains access via a duct in the stage. The gas 
then passes through a channel in the cell to a region between 
an aperture D (70 /mi in diameter) in the body of the cell 
and one mounted in the top cap; between these also lies the 
specimen on its heater. A Teflon ring seals the cap to the cell 
body so that the gas leaks into the column only through the 
apertures.
The specimen is mounted over a hole 300 /xm in diameter 
in a platinum heater ribbon supported on a mica ring. Thin 
films of specimens picked up from a clean water surface are 
usually found to adhere to the heater ribbon. Wire or mesh 
specimens can be spot-welded to the heater. A Pt-Pt/13 %Rh 
thermocouple is spot-welded to a point close to the hole. The 
specimen holder is attached by four steel screws to four 
current-carrying steel pillars in the cell body, which are 
joined to four spring connectors. These make contact with 
four lugs on the stage when the cell is in place. A direct current 
passed through the heater ribbon then heats the specimen.
Recently we have developed a more versatile gas reaction 
cell (Thomas 1972 unpublished), which operates on similar 
principles but extends the specimen motion to tilt through 
±20° and rotation through 180°.
2.2 Microscope modifications
Maintenance of a vacuum better than 1-3 mN m-2 is required 
for operation of the microscope. The specimen chamber, the 
effective volume of which is shown by the broken line in 
figure 2, is evacuated by a three-stage diffusion pump backed 
by a rotary pump. The normal pumping port to the microscope 
vacuum system is blanked off at A. An aperture at B restricts 
gas leakage to the illumination system. Hashimoto et al. 
(1968), used a second aperture over the wide bore pole piece 
of the objective lens to prevent leakage into the viewing system. 
In the present system this aperture is usually omitted in order 
to retain the diffraction facility but with some sacrifice to the 
maximum attainable gas pressure.
: The central area of the electron beam passes through a 
20 mm diameter hole cut in the centre of the fluorescent
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Figure 2 Schematic representation of the controlled 
atmosphere electron microscope
viewing screen C and strikes a secondary screen D with a 
transmission phosphor. An auxiliary shutter E is necessary 
to protect the camera during alignment of the microscope 
column; this also serves as a shutter for conventional plate 
photography.
In many systems it is essential to be able to load specimens 
into the microscope without exposure to air and water vapour. 
To achieve this, a glove box has been adapted to fit the entry 
port of the microscope and this assembly can be used to load 
specimens into the microscope in a high purity argon atmos­
phere.
2.3 Continuous recording facility
A high sensitivity Plumbicon camera F (figure 2) outside the 
vacuum system views the underside of the transmission 
phosphor. The output from the camera is monitored and 
recorded continuously on videotape. This system obviates the 
problems associated with plate photography, where exposures 
of a few seconds cause blurring of the image and a poor 
record. Permanent records can be obtained by cinematography 
or photography of the video display with an effective exposure 
of 40 ms. The video line scan does, however, impose a limit 
on the final resolution at all magnifications and careful 
selection of the operating magnification is therefore essential.
The overwhelming advantage of the video record is the 
length of recording time available (1 h per tape). Other 
advantages include a sensitivity gain of 10 permitting the use 
of low beam intensities and consequently less beam heating 
of the specimen, precise focusing using the monitored image, 
instant replay and no waste record in the event of an abortive 
run.
2.4 Gas pressure
Gas is introduced into the cell via the stage through a three- 
way stopcock connected to a reservoir where the pressure is 
measured on barometrically compensated gauges of the 
capsule type, covering the ranges 0-5-3 kNm-2 and 0-13-3 
kN m-2. The maximum operating pressure in the cell is
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Figure 3 Effect of gas pressure on current-temperature 
plot in oxygen
dependent upon the area of the apertures, the pumping speed 
of the auxiliary pump and the molecular diameter of the gas. 
To retain the diffraction facility, using a 70 pm diameter 
aperture, the maximum operating pressures are 1-2kNm-2 
for H2, 3-3 kN m-2 for O2, and 10-6 kN m-2 for CO2. These 
pressures can be increased twofold by replacing the restriction 
aperture over the wide bore objective pole piece and using 
50 pm diameter apertures in the gas cell. In principle any 
gas which is compatible with the constructional materials of 
the instrument can be used.
2.5 Temperature measurement
The thermocouple registers the temperature of the platinum 
heater ribbon at a short distance from the hole over which the 
specimen is mounted, and its effective cold junction is inside 
the cell. The thermocouple e m f  has therefore been calibrated 
against known melting points of metals, and also against 
heater current for a number of gases at several temperatures. 
Figure 3 illustrates the cooling effect of oxygen. The tempera­
ture distribution in a platinum heater in air at 100 kN m-2 
has been measured by optical pyrometry (figure 4). Two 
points are worthy of note: the temperature distribution about 
the hole is not uniform; it is hotter in the narrow regions and 
shows a cool spot on the side carrying the thermocouple 
junction. The temperature profile along the heater is fairly 
uniform (±30 K at 1250 K) in the region of the hole and 
begins to fall off rapidly beyond a distance of 1 mm from the 
hole.
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so that the beam does not strike the edge of the hole in the 
heater (Reimer and Christenhusz 1965).
2.6 Compatibility considerations
The material selected for the specimen heater depends largely 
on the system being studied. At temperatures below 1300 K 
platinum is most generally suitable. JEOLCO manufacture 
both platinum and tantalum heaters, and steel heaters of 
similar design have been made in this laboratory. Tantalum 
may only be used in reducing atmospheres. Care must be 
taken to prevent diffusion of heater materials on to the 
specimen surface at elevated temperatures. These diffusion 
effects are eliminated by coating all parts of the heater with 
a 50-50 SiC>2-Si film. This treatment also prevents the trans­
port of platinum by oxygen (Fryer 1968), thereby extending 
the temperature range for coated platinum heaters to 1500 K 
in oxidizing atmospheres.
Particulate materials usually have to be mounted on support 
films, which must be compatible with the heater, the particle 
and the gas atmosphere. Table 1 lists the properties of some 
support films, which we have found useful.
2.7 Operation
The system described here has been in routine operation for 
three years. In order to maintain the quality of the transmis­
sion image throughout an experiment several adjustments are 
required. Continuous realignment of the beam and objective 
aperture are necessary because of the deflection of the beam 
by the specimen heating current. Specimen conditions 
(temperature and pressure) are recorded on the audio track 
of the tape.
The leakage of gas into the column reduces the filament 
life a little but does not appear to affect deleteriously the rest 
of the microscope. Some care is necessary to maintain the cell 
During an experiment the specimen is heated from two in a clean condition, particularly to remove residues of
further sources-the electron beam and the energy from previous experiments which might block the gas confinement
chemical reactions occurring on the specimen surface. The apertures.
electron beam heating effect is the most serious unknown in When used in the conventional mode the JEM 7A electron
the CAEM technique. Although it has been possible to measure microscope is capable of 0-4 nm resolution, but incorporation
the effect in some cases (Reimer and Christenhusz 1965, of a gas reaction cell necessitates the use of a wide bore
Gessinger et al. 1968), this is not yet generally possible. It objective pole piece which reduces the resolution to 1-2 nm
can be kept to a minimum by low beam intensities, judicious and the ultimate resolution is limited in practice to 3-0 nm by
choice of the support film and by positioning of the specimen the presence of a gas and the line scan of the TV monitor.
Table 1 Properties of specimen support films
Film Chemical
composition
Preparation Gas atmosphere Thermal
conductivity
Remarks
Single
crystal
graphite
C Cleavage of 
natural graphite
Vacuum and 
neutral <1500 K 
O2 < 800 K 
H2<1000K
Very good Some metals catalyse reaction in O2 and so 
reduce maximum useful temperature. Strong 
diffraction pattern. Very little structure 
unless damaged
Carbon C Evaporation 
from C arc
Vacuum and 
neutral < 1500 K 
O2 < 600 K 
H2 < 800 K
Fair More reactive than single crystal. 
Diffuse ring diffraction pattern. 
No self structure
Silica ~SiO Evaporation of 
50-50 Si02-Si 
mixture
O2, vacuum, H2 
and neutral 
<1200 K
Poor No self structure, diffuse diffraction pattern. 
Tends to vaporize above 1200 K in low 
oxygen pressures
Silicon Si Evaporation of 
Si in vacuo
0 2, vacuum, 
H2< 1200 K
Good No self structure below 1000 K, chemically 
rather reactive, alloys with many metals. In 
oxygen at 1000 K converts to Si02. As SiO, 
vaporizes in low oxygen pressures
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Figure 4 Schematic diagram showing the temperature 
distribution in a heater measured by optical pyrometry in
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For any examination the choice of conditions such as gas 
pressure and magnification must be selected according to the 
amount of qualitative and quantitative detail required. 
Although the gas gap through which the electron beam trav­
erses is less than 1 mm there is a significant degree of scattering 
of the electron beam by gas molecules, which subsequently 
reduces the quality of the transmission image. At high pres­
sures fine detail is therefore often lost. The choice of magni­
fication is governed by the size of the feature of interest and 
the rates at which dimensional changes occur.
3 Applications
The controlled atmosphere electron microscopy technique is 
of value in two kinds of investigation. In conventional hot 
stages, studies are often limited by reaction of the specimen 
with residual gases in the microscope column. These may be 
hydrocarbons from greases or oils in the vacuum system or 
constituents of air due to incidental leaks. Hydrocarbon 
contamination is serious since it builds up at very high rates 
under normal operation (Hirsch et al. 1965, Marcus 1970). 
Using a controlled atmosphere stage with an inert gas elimi­
nates these effects.
The second, and broader, application is the study of chemical 
reactions under controlled conditions. Any gas-solid system 
is amenable to study if the changes in the solid alter its electron 
density, morphology or diffraction contrast image or induce 
some kind of motion.
In order to apply the technique to a particular system it is 
necessary to be able to prepare a representative transmission 
specimen. This can be achieved by thinning or cutting bulk 
materials or by dispersion of particulate materials on inert 
thin films (see table 1). If reactions at edges are of primary 
interest then changes in the silhouette of an opaque specimen 
can be observed. Hashimoto et al. (1958, 1968), have success­
fully applied CAEM to studies of crystal growth both by 
thermal decomposition and by reaction of solids with gases. 
Gabor and Blocher (1969) have studied the growth of iron 
whiskers, formed by decomposition of Fe(CO) 5  in hydrogen, 
in great detail using this technique. That the technique is 
useful for the examination of the formation of supported 
catalysts has been shown by Escaig and Sella (1966) and by 
Dalmai-Imelik and Leclercq (1970). Fryer (1968) and Presland 
and Hedley (1962) have used hot stages with gas injection into 
the main microscope column to examine qualitatively the 
effect of Pd and Pt respectively as catalysts in the graphite- 
oxygen reaction.
We have studied several systems in detail including the 
metal catalysis of the graphite-oxygen reaction, the formation 
of carbonaceous deposits from gas mixtures, the metal 
catalysed decomposition of acetylene, and the formation of 
polymer on Ziegler-Natta catalyst particles in the presence 
of ethylene. In addition to qualitative information on morpho­
logical detail, in some of these systems quantitative kinetic 
data from rates of motion has proved invaluable in the 
deduction of reaction mechanisms.
The technique has been used to demonstrate the charac­
teristic behaviour by which zinc, silver, nickel, iron, copper, 
molybdenum and molybdenum trioxide catalyse the oxidation 
of graphite by etching out channels across the basal planes 
(figure 5). Detailed measurements have provided quantitative 
estimates of various kinetic parameters including a value of 
63-8 kJ mole-1 for the activation energy of the zinc catalysed 
oxidation of single crystal graphite (Feates et al. 1970).
The investigation of filamentous carbon formation from 
acetylene, catalysed by nickel, iron and cobalt has culminated 
in the development of a mechanism of metal catalyst action 
and catalyst poisoning. Figure 6 is a sequence taken from the
Figure 5 Catalysis of graphite-oxygen reaction by silver at 
640 K
796
(a) (c)
(b) id)
Figure 6 Filamentous carbon growth sequence, catalysed by 
iron from acetylene at 975 K
TV monitor showing the growth of filamentous carbon from 
the iron catalysed decomposition of acetylene. The correlation 
between the measured activation energies for filament growth 
and those for carbon diffusion in the corresponding metal 
catalysts provides support for a mechanism in which the core 
of the filament is formed by carbon deposited from solution 
in the metal particle, having diffused through the particle 
from the higher temperature faces on which acetylene decom­
position is taking place (Baker et al. 1972).
Fryer J R 1968 Nature 220 1121
Gabor T and Blocher J M 1969 J. Appl. Phys. 40 2696
Gessinger G H, Lenel F V and Ansell G S 1968 J. Appl. 
Phys. 39 5593
Hashimoto H, Naiki T, Eto T and Fujiwara K 1968 
Jap. J. Appl. Phys. 7 946
Hashimoto H, Hiziya K, Watanabe M and Mihama K 1958 
Proc. 4th Int. Congr. on Electron Microscopy, Berlin Vol 1 
(New York: Academic Press) p 80
Hashimoto H, Kumao A, Eto T, Fujiwara K and Maeda M 
1970 Proc. 1th Int. Congr. on Electron Microscopy, Grenoble 
Vol 2 (Paris: Societe Frangaise de Microscopie Electronique) 
p 461
Heide H G 1960 Naturwiss. 47 313 
Hirsch P B, Howie A, Nicholson R B, Pashley D W and 
Whelan M J 1965 Electron Microscopy o f Thin Crystals 
(London: Butterworth) p 71
Marcus R B 1970 Proc. 1th Int. Congr. on Electron 
Microscopy, Grenoble Vol 2 (Paris: Societe Frangaise de 
Microscopie Electronique) p 379
Presland A E B and Hedley J A 1962 Proc. 5th Int. Congr. 
on Electron Microscopy, Philadelphia (New York: Academic 
Press) paper 1-10
Reimer L and Christenhusz R 1965 Lab. Invest. 14 1158 
Ruska E 1942 Kolloid Zeit. 100 212 
Stojanowa I G 1958 Proc. 4th Int. Congr. on Electron 
Microscopy, Berlin Vol 1 (New York: Academic Press) p 82
4 Conclusions
A technique based on the design of Hashimoto of controlled 
atmosphere stage (Hashimoto et al. 1968) has been developed 
which enables continuous observation of dynamic reactions 
occurring between gases and solids on a submicrometre scale. 
It is rapidly becoming apparent that a very wide field of appli­
cations exist for this technique. CAEM provides quantitative 
information on events which take place on a scale between 
the atomic and macro levels.
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